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1 Introduction
1.1 Barrel cortex
Rodents and several other mammals, such as seals, manatees, pygmy shrews, and naked 
mole  rats  have  evolved  a  high  specialised  somatosensory  system  of  vibrissae 
(“whiskers”)  on  their  snout.  They  use  their  whiskers  to  locate  objects  in  space, 
discriminate textures and this whisker-system is as sensitive as fingertips of primates 
(Hutson and Masterton,  1986;  Guic-Robles  et  al.,  1989,  1992;  Carvell  and Simons, 
1990; Harris et al., 1999; Prigg et al.,  2002). Around postnatal day 12,  rats begin to 
actively move these whiskers back and forth, the so-called whisking, to orientate in their 
environment  (Woolsey  and  Van  der  Loos,  1970).  The  tactile  information  from the 
whiskers is sent to the contralateral primary somatosensory cortex, the so-called barrel 
cortex (Woolsey and Van der Loos, 1970; Woolsey et al., 1979; Ahissar et al., 2000). 
Consequently  whisker  signals  are  sent  to  the  brainstem,  relayed  from there  to  the 
thalamus and subsequently to the barrel cortex (Van Der Loos, 1976; Chiaia et al., 1991; 
Veinante and Deschenes, 1999). It has been shown that these signals are topographically 
separated  along  this  pathway  in  the  so-called  barrelettes  (brainstem)  and  in  the 
barreloids  (thalamus)  (Van  Der  Loos,  1976;  Ma,  1993;  Land  et  al.,  1995). 
Thalamocortical afferents project to the barrel cortex with the highest axonal density in 
the layer 4 (L4) (Woolsey and Van der Loos, 1970; Koralek et al., 1988; Chmielowska 
et al., 1989; Lu and Lin, 1993). Hence, layer 4 is the main starting point of the cortical 
information  processing.  Neuronal  microcircuits  involved  in  this  process  have  been 
described as  “canonical”  circuits  (Douglas et  al.,  1989;  Douglas  and Martin,  2004). 
Layer 4 is separated into discrete clusters which were termed barrels (Woolsey and Van 
der Loos, 1970; Agmon and Connors, 1991). 
Every whisker on the snout corresponds to one barrel which was termed one-to-one 
relationship (Woolsey and Van der Loos, 1970; Killackey, 1973; Welker and Woolsey, 
1974). This signifies that the whisker pad on the snout is anatomically and functionally 
represented  by the  layer  4  of  the  barrel  cortex.  The barrel  cortex  is  organised  into 
vertical orientated functional modules which were termed columns (Mountcastle, 1957, 
1997; Hubel and Wiesel,  1962). A model of the structural composition of a cortical 
column  was  proposed  in  1975  by János  Szentagothai  (Szentagothai,  1975).  It  was 
shown that a column crosses all six cortical layers and contains 10.000-20.000 neurons 
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(Keller  and  Carlson,  1999).  A cortical  column  in  the  barrel  cortex  consists  of  the 
neurons in the barrel in layer 4 and those in the cortical layers both above and below 
reaching from the pia to the white matter (Woolsey and Van der Loos, 1970; Keller and 
Carlson, 1999). Within a column basic signal transformations were performed which 
were integrated with the neuronal networks of neighbouring columns and other brain 
regions. Due to its columnar organisation and putative similar signal processing, the 
barrel cortex is often compared to the visual cortex, but layer 4 of the visual cortex is 
much  more  complex  (Hubel  and  Wiesel,  1962). Consequently,  studies  of  the  less 
complex barrel  cortex are helpful  to understand the general  function of  the module 
column.
However, barrels and septa receive different inputs from the whiskers (Ahissar et al., 
2000;  Lubke and Feldmeyer,  2007).  Three  parallel  whisker-to-barrel  pathways  were 
found: the lemniscal, the paralemniscal and the extralemniscal pathway (Koralek et al., 
1988; Ahissar et al., 2000; Pierret et al., 2000). 
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Figure  1:  Whisker-to-barrel  pathways:  The trigeminal  nerve  (yellow)  carries  axons  from the  mystacial 
vibrissae follicle receptors to different nuclei in the brainstem, mainly the principal nucleus and the spinal 
nucleus. From there, signals are relayed to the thalamus, predominantly to the ventral posterior medial 
nucleus (VPM) and the posterior medial nucleus (POm) of the thalamus. Finally, thalamic afferents project 
to the somatosensory barrel field (framed area). (from Lubke and Feldmeyer, 2007)
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Sensory signals from the mystacial vibrissae are sent via the trigeminal nerves to the 
trigeminal nuclei within the brainstem (Figure 1), in which every barrelette is dominated 
by the receptive field of the corresponding whisker (Chiaia et al., 1991; Veinante and 
Deschenes,  1999). Signals  via  the  lemniscal pathway were  relayed  in  the  principal 
trigeminal nucleus (Veinante and Deschenes, 1999; Pierret et al., 2000). Signals via the 
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Figure 2: Camera lucida reconstruction of a spiny stellate neuron (left) and a star pyramidal neuron (right) 
of juvenile rats. Somas and dendrites are marked red and the axons blue. Layer borders are indicated on 
the left side of the corresponding reconstruction by black horizontal lines. The barrels are displayed as 
light grey boxes. Scale bar: 100 µm (modified from Lubke et al., 2000)
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paralemniscal and the  extralemniscal pathway were relayed in the spinal trigeminal 
nucleus (Yu et al.,  2006). The  lemniscal pathway ascends via  the dorsomedial  (dm) 
sector  of  the  ventral  posterior  medial  nucleus  (VPM) of  the  thalamus,  while  to  the 
extralemniscal pathway ascends via  the  ventrolateral  sector  of  the  VPM (Yu et  al., 
2006). The paralemniscal pathway ascends via the posterior medial nucleus (POm) of 
the thalamus (Koralek et al., 1988). It is assumed that whisking signals were processed 
via the  paralemniscal pathway, touch signals via the  extralemniscal pathway and the 
combined whisking-touch signals are conveyed by the  lemniscal pathway (Yu et al., 
2006).  Thalamocortical afferents sending the combined whisking-touch signals via the 
lemniscal pathway innervate preferentially L4 spiny neurons (Benshalom and White, 
1986; Jensen and Killackey, 1987). 
Spiny  neurons  in  layer  4  are  divided  into  two  major  groups  (Figure  2),  the  more 
frequent spiny stellate neurons and the star pyramidal neurons (Feldmeyer et al. 1999; 
but for a different view see Staiger et al. 2004). The significant difference between these 
two neuron types is that star pyramidal neurons exhibit an apical dendrite. Spiny stellate 
neurons  are  characterised  by  their  star-shaped,  dendritic  branching  pattern  and  the 
asymmetry of the dendrites toward the barrel-centre (Simons and Woolsey, 1984; Lubke 
et al., 2000). Both cell types are regular spiking, implying that both neuron types are 
excitatory (McCormick et al., 1985; Feldmeyer et al., 1999).
Spiny stellate neurons display a high degree of recurrent connectivity which is restricted 
to the barrel (Feldmeyer et al., 1999; Petersen and Sakmann, 2000, 2001; Schubert et 
al., 2003). 
However, they have feed forward axonal projections to the supragranular layers of the 
barrel cortex whereby the axons remain largely confined to a barrel column (Lubke et 
al.,  2000, 2003; Feldmeyer et  al.,  2002; Silver et  al.,  2003; Shepherd and Svoboda, 
2005). 
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1.2 Development of the barrel cortex
As known,  the barrel  cortex consists  of six  layers  and develops  in  an inside first  - 
outside last fashion (Miller, 1995; Rakic, 1974). Thus, neurons of the “inner” layer 6 
differentiate first while neurons of the “outer” layer 2 differentiate last. 
The cell-sparse marginal zone (MZ) is located along the pial surface and is already in 
place before the differentiation starts (Figure 3). As prominent cell type contains the MZ 
the reelin  producing Cajal-Retzius  cells  (D'Arcangelo et  al.,  1997;  Radnikow et  al., 
2002). Reelin is known as an important protein for the correct layering of the cortex 
(Rice and Curran, 2001). The marginal zone develops into layer 1 whereby the Cajal-
Retzius cells disappear at the end of the second postnatal week, at least in the rodent 
neocortex (Mienville and Pesold, 1999).
Excitatory  neurons  are  generated  within  the 
ventricular zone (VZ) via asymmetric division 
of radial glia cells. Radial glia cells have long 
processes  which  reach  the  surface  of  the 
marginal  zone.  Newborn  neurons  migrate 
along  these  processes  through  the 
intermediate zone (IZ) and the subplate (SP) 
into the cortical plate (CP), which is located 
below the marginal zone (Figure  3). Neurons 
arriving  in  the  cortical  plate  start  to 
differentiate. Due to the inside first - outside 
last development the layer 6 differentiates first 
and layer  2  last  (Nadarajah  and Parnavelas, 
2002; Noctor et al., 2004; Kriegstein, 2005)
At birth, i.e. postnatal day 0 (P0), layers 6 and 
5 are present. Layer 4 appears at P2 and the 
barrel formation starts at P3 (Rice and Van der 
Loos,  1977;  Schlaggar  and  O'Leary,  1994; 
Miller, 1995; Inan and Crair, 2007).  At first, 
layer  4  segregates  into  rows  and  afterwards 
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Figure 3: Neocortical development: Schematic 
illustration of  the cortical  plate state showing 
the marginal zone (MZ), the cortical plate (CP), 
the subplate (SP), the intermediate zone (IZ) 
and the ventricular zone (VZ). The layers 2 to 
6 develop from the cortical plate and the layer 
1  from  the  marginal  zone  (modified  from 
Nadarajah and Parnavelas, 2002)
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the  rows  separate  into  single  barrels.  The  supragranular  layers  2  and  3  are  clearly 
present in four-days-old rats. These two layers were often combined and termed L2/3, 
because they are not clearly distinguishable in rats.
However, the barrel formation depends on the ingrowth of the thalamic afferents which 
overlap several barrels during the first two days after birth and are then pruned to a 
single barrel at the end of the first postnatal week (Catalano et al., 1996; Rebsam et al., 
2002; Pinon et al., 2009). At the end of the first postnatal week the migration of the 
neurons is complete and all layers of the barrel cortex are visible (Rice and Van der 
Loos, 1977; Schlaggar and O'Leary, 1994; Miller, 1995; Inan and Crair, 2007). 
The formation of  the  somatotopic  barrel  pattern  seems to be independent  from any 
cortical  activity  and  whisker  input  seems  not  to  be  required  (Chiaia  et  al.,  1992; 
Henderson et al., 1992; Schlaggar et al., 1993; Iwasato et al., 2000).
However,  synaptic  transmission  seems  to  be  important  for  the  refinement  of  the 
receptive  fields.  Blockade  of  the  synaptic  transmission  from  P0  resulted  in  less 
confinement  of  the  single  whisker  responses  to  the  corresponding  column  than  in 
control  animals (Fox et  al.,  1996).  At the end of the first  postnatal  week the barrel 
formation  is  completed.  According  to  this  context  it  is  important  to  note  that  the 
activity-dependent refinement of the barrels begins before rats start whisking (Woolsey 
and Van der Loos, 1970). 
1.3 Synaptic transmission
Neonatal  excitatory  neurons  are  strongly electrically  coupled  through gap  junctions 
(Yuste et al.,  1992; Nadarajah et al.,  1997). As known, gap junctions consist of two 
hemichannels, which form a direct contact between two cells and consequently allow a 
very  fast  bidirectional  transmission  of  electrical  and  chemical  signals.  This  gap 
junctional coupled network is replaced by a network using chemical synapses during the 
first postnatal week (Micheva and Beaulieu, 1996; White et al., 1997). 
Chemical synapses are specialised junctions which allow signal propagation from one 
cell  to  another.  A typical  chemical  synapse consists  of  a  presynaptic  axon which is 
located  adjacent  to  a  postsynaptic  dendrite.  The  presynaptic  terminal  is  also  called 
synaptic “bouton”. Pre- and postsynaptic membranes are separated by a gap, the so-
11
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called  synaptic  cleft.  Presynaptic  terminals  contain  vesicles  from  which 
neurotransmitters were released at specialised zones of the membrane.  These release 
sites were termed active zones (AZs). 
The presynaptic AZ is located opposite to the postsynaptic density (PSD). PSDs contain 
receptors for the neurotransmitters anchored to electron-dense scaffold proteins. Thus, 
PSDs appear  as prominent dark band on 
electron  micrographs  (Figure  4,  B) 
(Cowan  et  al.,  2001).  The  figure  4,  B 
shows  a  fairly  thick  PSD  which  is 
common in more mature synapses. 
In  excitatory  synapses  PSDs  are  thicker 
than AZs. Due to this disproportion these 
synapses  were  termed  asymmetric 
synapses. In inhibitory synapses PSDs are 
as  thick  as  AZs  and  accordingly  these 
synapses were termed symmetric synapses 
(DeFelipe and Farinas, 1992). 
In the brain PSDs are generally located on 
the  dendrites  or  the  neuron  soma. 
Depending on this location synapses were 
classified  as  being  axo-dendritic  or  axo-
somatic.  Synapses  on  dendrites  can  be 
located  on  spines  (Figure  4).  Spines  are 
described more explicitly at the end of this 
section.
The  general  operating  principle  of  a 
chemical synapse is the transformation of 
a presynaptic electrical  signal,  the action 
potential,  into  a  chemical  signal 
(neurotransmitter)  which  finally  is  re-
transformed into an electrical signal at the 
postsynaptic  site.  If  an  action  potential 
12
Figure  4:  Both  images  are  composed analogous 
whereas (A) shows a scheme and (B) an electron 
micrograph. (A) Schematic illustration of a synaptic 
contact  on  a  spine.  The  presynapse  contains 
synaptic  vesicles  and  two  dense-core  vesicles 
(DCVs). The postsynaptic density (PSD) is located 
on a spine. (B) Electron micrograph of a synapse in 
the cerebellar  cortex which is located on a spine 
(S).  The presynapse contains numerous synaptic 
vesicles (clear  ring-like structures)  and one DCV 
(ring-like  structure  with  a  dark  electron-dense 
centre).  (modified  from  the  book  “Synapses”, 
Cowan, 2001)
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reaches  the  presynaptic  terminal,  the  membrane  will  be  depolarised.  Voltage-gated 
calcium channels will be opened and the resulting calcium influx initiates the fusion of 
the neurotransmitter-containing vesicles with the AZ. 
The fused synaptic vesicles are then opened to the synaptic cleft and can release their 
stored neurotransmitters such as glutamate and  γ-amino butyric acid (GABA). These 
transmitter molecules diffuse through the synaptic cleft and bind to their corresponding 
receptors  at  the  postsynaptic  site  which  results  in  the  opening  of  ligand-gated  ion 
channels. 
As seen in figure 4, B, synaptic vesicles show a clear ring-like structure in electron 
micrographs. In contrast vesicles with dark, electron-dense material in the inner centre 
were also described and classified as dense-core vesicles (Figure 4). Dense-core vesicles 
(DCVs) were observed in many brain regions, but their functional role is still not known 
exactly (Linke et al., 1994; Acsady et al., 1998; Ahmari et al., 2000; Hoffpauir et al., 
2006; Rollenhagen et al., 2007; Xia et al., 2009; Rollenhagen and Lubke, 2010). DCVs 
may contain neurotrophins or neuropeptides (Wu et al., 2004; Torrealba and Carrasco, 
2004). 
However,  neurotransmitters  can  mediate  excitatory  or  inhibitory  effects  via  their 
corresponding  receptors  on  the  postsynaptic  neuron.  The  most  common  excitatory 
transmitter is glutamate which depolarises the postsynaptic membrane and induce an 
excitatory postsynaptic potential (EPSP). Through the  α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic-acid-receptor  (AMPAR)  glutamate  mediates  fast  synaptic 
transmission.  A second  important  glutamate  receptor  is  the  N-methyl-D-aspartate-
receptor  (NMDAR).  NMDAR-channels  are  blocked  by  magnesium  in  a  voltage-
dependent fashion: Magnesium enters the channel at negative membrane potentials and 
thereby  blocks  the  channel  pore.  More  positive  membrane  potentials  prevent  the 
entering of magnesium into the channel and thus the channel pore is opened. Hence, 
NMDAR-channels  are  opened  only during  sustained  depolarisations.  NMDARs and 
AMPARs are co-localised at  most excitatory synapses but their  subsynaptic location 
seems to differ depending on the neuron type. In the superficial layers of the barrel  
cortex NMDARs are concentrated in the centre of the PSD whereas in L4 spiny neurons 
this region is occupied by AMPARs (Kharazia and Weinberg, 1997; Klook et al., 2010).
13
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The main inhibitory transmitter is GABA that activates ligand gated chloride-channels 
of  GABAA receptors  (GABAAR);  in  this  process  GABAARs  induce  inhibitory 
postsynaptic  potentials  (IPSPs)  and  hyperpolarise  the  postsynaptic  membrane.  This 
effect depends on the intracellular chloride concentration which is high in immature 
animals  but  low  in  mature  animals  (Delpire,  2000;  Ben-Ari,  2002;  Owens  and 
Kriegstein,  2002;  Lee  et  al.,  2005;  Rivera  et  al.,  2005).  Thus,  the  GABAergic 
postsynaptic potential is depolarising in early juvenile neurons but hyperpolarising in 
late juvenile and adult animals. This developmental switch depends on the integration of 
the K+-Cl- co-transporter 2 (KCC2) into the membrane which lowers the intracellular 
chloride concentration below its electrochemical equilibrium potential (Delpire, 2000; 
Lee et al., 2005; Rivera et al., 2005).
The  vesicles  recycle  after  they  have  released  their  transmitter  content.  A very  fast 
release  and  recycling  process  occurs  during  the  so-called  “kiss-and-run”  mode 
(Schweizer et  al.,  1995; von Gersdorff  and Matthews, 1999). Consequently,  vesicles 
using  this  mode  fuse  only  transiently  with  the  active  zone  and  constrict  directly 
afterwards. Vesicles can also fuse completely with the membrane and invaginate via 
endocytosis (Heuser et al., 1979). New vesicles can form with the aid of the protein 
clathrin  or  can  reenter  the  presynapse  by  uncoated  budding  (bulk  endocytosis) 
(Schweizer et al., 1995; von Gersdorff and Matthews, 1999; Rizzoli and Betz, 2005; 
Smith et al., 2008). Independently of which pathway was used, free vesicles must be 
targeted and docked to the AZ. Docked vesicles have to be primed before they are able 
to fuse with the AZ (Rettig and Neher, 
2002; Becherer and Rettig, 2006).  An 
increase  in  the  intracellular  calcium 
concentration  initiates  the  fusion  of 
primed  vesicles  with  the  presynaptic 
membrane  and  hence  the  transmitter 
release  (Schweizer  et  al.,  1995; 
Somogyi  et  al.,  1998;  Fernandez-
Busnadiego et al., 2010). 
However, three main states of vesicles 
were  distinguished (Zucker  and 
14
Figure  5:  Three-dimensional  reconstructions  of 
dendritic  spines:  (A)  Diverse  spine  shapes  on  a 
dendritic tree of a CA1 pyramidal neuron. Spines were 
classified as (B) stubby spines, (C) mushroom spines 
or  (D)  as  thin  spines.  Both  scale  bars:  1  µm  (from 
McKinney 2010)
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Regehr, 2002). Vesicles in close proximity to the AZ are able to release their transmitter-
content fast and thus were classified as belonging to the readily releasable pool. Vesicles 
recycle after transmitter release and therefore belong to the pool of recycling vesicles, 
which refills the readily releasable pool (Sara et al., 2002). The third pool consists of 
vesicles  which  are  able  to  refill  the  readily releasable  pool  and is  therefore  named 
reserve pool (Sudhof, 2000; Rizzoli and Betz, 2005). 
Most excitatory synapses are located on the head of spines (Harris and Kater, 1994). 
Spines are protrusions of the dendrite with a thin neck and a larger tip, the so-called 
spine-head. Most spines of the neocortex do have an excitatory synapse which is located 
on the spine-head while some spines exhibit a second synapse on the spine-neck, which 
often is inhibitory (Bourne and Harris, 2008). 
Spines are normally shorter than 2 µm in length and vary strongly in shape and size. 
Based on their  shape spines were named thin,  stubby and mushroom spines.  Three-
dimensional reconstructions were taken from McKinney (2010) to illustrate these three 
types (Figure 5). Stubby spines are short and do not possess a spine-head. Mushroom 
spines and thin spines exhibit a spine-head, but spine-heads of thin spines are much 
smaller than those of mushroom spines.
Spines  increase  the  dendritic  surface  area  and  divide  the  dendrite  in  different 
compartments (Bloodgood et al., 2009). These compartments provide the possibility to 
modulate  the  incoming  signals,  for  instance  spatially  constrained  elevations  in  the 
calcium concentration during synaptic activity (Denk et al., 1996).
Neuron types could be characterised by their spine pattern. Neurons without spines were 
named smooth or non-spiny neurons. Neurons with spines were grouped into sparsely 
spiny and spiny neurons (Feldman and Peters, 1978). Spiny neurons were classified as 
being excitatory, whereas smooth and sparsely spiny neurons as being inhibitory (Ribak, 
1978). 
15
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1.4 Synapse formation
The  formation,  the  maturation  and  the  elimination  of  synapses  are  important  steps 
shaping the organisation of neuronal networks during cortical development (Katz and 
Shatz, 1996). First the contact between a presynaptic bouton and postsynaptic partner 
needs to be formed to establish a synapse. Plenty ideas exist how synapse formation 
may take place. Differences were found between the synapse formation in the immature 
and mature brain. For the formation of excitatory synapses so-called filopodia seem to 
play an important role in the immature brain against to synapses in the mature brain 
which seem to form directly on spines (Dailey and Smith, 1996; Fiala et al., 1998). Due 
to the focus in this study was set on the early development, only steps of the synapse 
formation in the immature brain are described in detail. 
It was suggested that filopodia may establish the first contact between synaptic partners 
because  they  are  long,  thin  and  highly  motile  protrusions  which  made  them  ideal 
structures to probe their environment (Dailey and Smith, 1996; Portera-Cailliau et al., 
2003; De Roo et al., 2008). 
One  possible  pathway is  that  filopodia  transform directly  into  spines  after  making 
contact  with  a  presynaptic  terminal,  a  concept known as  the  “filopodial”  model  of 
synapse  formation  (Dailey  and  Smith,  1996;  Ziv  and  Smith,  1996;  Smith,  1999). 
Against  this,  the  Miller-Peters  model  supposes  that  spines  grow  from  previously 
existing shaft synapses (Miller and Peters, 1981; Yuste and Bonhoeffer, 2004).
However, all these ideas seem to be only true for the formation of excitatory synapses, 
because it  has never been shown that filopodia do stabilise contacts with inhibitory 
partners (Lohmann and Bonhoeffer, 2008). Inhibitory synapses seem to form only at 
locations where putative synaptic partners cross each other without forming protrusions 
(Wierenga et al., 2008).
Generally, signals from both synaptic partners are apparently required for the formation 
of  a  contact  and cadherins,  ephrins,  neurexins  and neuroligins  are  widely discussed 
candidates (Veinante  and  Deschenes,  1999;  Pierret  et  al.,  2000).  The  role  of 
neurotransmitters during synapse formation is not clear but it has been demonstrated 
that  dendritic  filopodia  could  recognise  glutamate  and  grow  along  a  glutamate 
concentration gradient (Portera-Cailliau et al., 2003). 
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However,  new  contacts  need  to  be  stabilised  which  seem to  occur  in  an  activity-
dependent fashion (Ehrlich et al., 2007). It has been shown that calcium transients can 
regulate  the  stability  of  glutamatergic  synapses  (Lohmann  and  Bonhoeffer,  2008). 
Furhermore, the assembly of the AZ is an important step to stabilise a new contact in 
which  AZ matures  and  increases  in  size.  In  addition,  the  vesicles  will  increase  in 
number and will separate into different functional pools (Blue and Parnavelas, 1983b; 
Vaughn,  1989;  Mozhayeva  et  al.,  2002;  Mohrmann  et  al.,  2003;  Feldmeyer  and 
Radnikow,  2009). The  size  of  the  readily  releasable  pool  (RRP)  is  an  important 
parameter  for  the  signal  transmission  due  to  that  a  large  RRP will  ensure  synaptic 
transmission  during  sustained  stimulation.  Another  determinant for  the  successful 
synaptic  transmission  is  the  number  and  composition  of  the  receptors  on  the 
postsynaptic site. 
It  is  still  a  matter  of  debate  with  which  time  course  synapses  form;  it  has  been 
hypothesised that presynaptic terminals are active before the formation of the PSD, but 
“free PSDs” were also found (Blue and Parnavelas, 1983b). 
Moreover, spine shapes change during the maturation of a synapse (Holtmaat et al., 
2005). Nowadays it is widely accepted that the size of the spine-head correlates with the 
size of the PSD and that larger spine-heads are more stable than smaller ones (Harris 
and Stevens, 1989; Trachtenberg et al., 2002; Kasai et al., 2003; Holtmaat et al., 2006; 
De Roo et al., 2008). Besides, it also was shown that the size of the PSD correlates with 
the size of the AZ and as  well  as with the number of  synaptic  vesicles  of  a given 
terminal (Harris and Stevens, 1989). 
However,  the  third  main  factor  for  the  build-up  of  a  neuronal  network  is  synapse 
elimination. A strong overproduction and latter elimination of synapses during the early 
development was described for primates, but this strong overproduction seems not to 
take place in the somatosensory cortex of rats (Blue and Parnavelas, 1983b; Rakic et al., 
1994; Micheva and Beaulieu, 1996). Generally, it is still not clear how long synapses 
exist  and  which  factors  are  decisive  for  elimination.  Many  synaptic  contacts  were 
formed but could not be stabilised within 24 hours, which also eliminates many putative 
contacts.  Stabilisation  seems  to  be  activity-dependent  and  only  about  10%  of  the 
contacts are able to form a PSD and therefore convert into a more stable contact, at least 
in cultured slices (De Roo et al., 2008). 
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1.5 Aim of this study
Synapses  are  the key elements  of  cortical  networks.  Their  number and position are 
important parameters for the function of neuronal circuits. Furthermore, the structural 
composition of the participating synapses is one deciding criterion for the efficacy and 
reliability of the synaptic transmission. Thus, quantitative knowledge about the synapse 
geometry will help to better understand the function of neuronal networks. Nowadays, 
only few synapses are described in detail and especially the structural composition of 
immature synapses is rather unknown. 
Due to its columnar organisation the barrel cortex is a very attractive model to study 
cortical networks. The layer 4 of the barrel cortex serves as “input” layer for sensory 
information  in  which  first  modulations  of  the  whisker  information  take  place.  This 
signal processing is mainly performed by L4 spiny neurons. 
L4 spiny neurons at the end of the first postnatal week were analysed to get detailed 
knowledge about synapses in the immature neuronal network.  At this time point strong 
changes in the synaptic organisation occur. First, the physiology of immature L4 spiny 
neurons was analysed using whole-cell recordings. During these recordings the neurons 
were filled intracellularly with biocytin. Serial ultra-thin sections were cut and input 
synapses  on  L4  spiny  neurons  searched  using  electron  microscopy.  The  biocytin-
staining  allows  a  clear  identification  of  the  patched  neurons  on  the  electron 
micrographs.  Consequently,  all  input  synapses  on  the  electrophysiological  and 
morphological characterised spiny neurons could be detected. Based on the serial ultra-
thin sections three-dimensional volumetric reconstructions were performed to analyse 
the  structural  composition  of  these  input  synapses.  These  3D-models  were  used  to 
investigate structural parameters for the synaptic transmission, such as the number of 
AZs or the distribution of the synaptic vesicles around the AZs. 
It was focused on immature L4 spiny neurons and the detailed knowledge about their 
physiological  and  morphological  characteristics  in  combination  with  the  structural 
composition  of  their  input  synapses  may help  to  improve  our  understanding of  the 
formation and refinement of neuronal networks.
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2 Materials and Methods
2.1 Slice preparation
Thalamocortical slices were prepared from Wistar rats (Charles River) of the age P6/7 
(P=postnatal day) and P20-P34 in accordance with the German animal protection law. 
The rats were first anaesthetised with Isoflurane and then decapitated.  The brain was 
quickly removed from the skull and transferred in ice-cold slicing solution (in mM: 125 
NaCl; 2.5 KCl; 25 glucose; 25 NaHCO3; 1.25 NaH2PO4;  1 CaCl2;  5 MgCl2;  3 Myo-
Inositol; 2 Na-pyruvate; 0.4 vitamin C; bubbled with 95% O2/ 5% CO2).
To  obtain  thalamocortical  slices  of  the 
somatosensory  cortex  the  brain  was 
positioned on a ramp inclined by 10° to 
the horizontal plane (Figure 6, A) using 
the  method  of  Agmon  &  Connors 
(1991). The rostral part of the brain was 
adjusted  downhill  and  the  midline  was 
aligned parallel to the side of the ramp. A 
cut from dorsal to ventral with an angle 
of  55°  to  the  midline  was  made.  The 
brain  was  glued with  the  cutting  plane 
downwards  on  a  specimen  stage  and 
transferred  to  the  bath  chamber  of  a 
vibration  microtome  650V  (Mikrom, 
Walldorf,  Germany).  Slices  with  a 
thickness of 350 µm were cut and stored 
in  slicing  solution at  room temperature 
until  they  were  transferred  to  the 
recording  chamber.  Slices  were  left  to 
recover for at least one hour.
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Figure  6:  Preparation  of  thalamocortical  slices:  (A) 
Lateral  view,  brain  on  the  ramp.  Th,  approximate 
position of the thalamus. (B) Dorsal view, line shows 
cutting plane at 55° to the sagittal plane. (C)  Glued 
brain on the vibratome stage with  the approximate 
horizontal  positions of  the slicing planes.  (Modified 
after Agmon and Connors, 1991)
Materials and Methods
2.2 Electrophysiological recordings
The  somata  of  the  neurons  were  visualised  using  infrared  differential  interference 
contrast  (IR-DIC)  videomicroscopy  (Stuart  et  al.,  1993).  Layer  4  of  the  rat 
somatosensory cortex is clearly identifiable as a dark band with bright hollows (Figure 
7).  This region of the somatosensory cortex is also called “barrel” cortex because the 
bright hollows resemble barrels  (Woolsey and Van der Loos, 1970).  The barrels  are 
separated from each other by the darker septa. 
Spiny neurons in layer 4 were identified 
by using the following criteria: they (1) 
possess small,  almost spherical somata, 
(2) are preferentially located close to the 
inner border of the barrels, and (3) are 
often organised in clusters (Feldmeyer et 
al., 1999; Lubke et al., 2000).
Recordings  of  P6/P7  rats  were 
performed at a temperature of 30-32°C 
and of P20-34 rats at 32-34°C. 
Slices  in  the  recording  chamber  were 
superfused with an extracellular solution (in mM: 125 NaCl; 2.5 KCl; 25 glucose; 25 
NaHCO3; 1.25 NaH2PO4; 2 CaCl2; 1 MgCl2; bubbled with 95% O2/5% CO2) at a rate of 
about 3 ml/min. 
Electrophysiological  recordings  of  the  excitatory layer  4  neurons were  made in  the 
patch-clamp whole-cell  configuration (Hamill  et  al.,  1981).  The glass  patch pipettes 
used in this study had tip diameters of about 1 µm and resistances between 6 and 8 MΩ. 
Pipettes were filled with an intracellular solution (in mM: 105 K-gluconate; 30 KCl; 10 
HEPES; 10 phosphocreatine; 4 ATP-Mg; 0.3 GTP-Na; pH 7.3; osmolarity: 300 mOsm). 
Biocytin (3mg/ml) was routinely added for subsequent morphological analysis.
Patched  neurons  were  stimulated  and  recorded  simultaneously  with  the  aid  of the 
software Patchmaster (HEKA, Lambrecht, Germany). Recorded signals were sent from 
the recording electrode to  a pre-amplifier,  an amplifier  (EPC10, HEKA, Lambrecht, 
Germany) and then to the computer. High resolution micro manipulators (SM-5, Luigs 
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Figure  7:  Photograph  of  an  acute  thalamocortical 
slice showing the bright band of the barrels in layer 4 
and the patch electrode with the tip near the barrel 
border. Scale bar: 200 µm
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& Neumann, Ratingen, Germany) allowed the movement of the recording electrode in 
all three dimensions with micrometer-precision to reach the neuron of interest.
To avoid a block of the electrode tip by particles during the movement through the slice, 
positive pressure was applied to  achieve an outwardly directed flow at  the tip.  The 
recording electrode was moved in close proximity to the neuronal cell body and the 
positive pressure caused a visible dimple on the soma membrane. A very tight high 
resistance seal between the recording pipette and the soma membrane,  the so-called 
gigaseal,  was  formed  by  changing  the  positive  pressure  to  a  negative  pressure. 
Resistance values of 1 GΩ and more were obtained and guaranteed a good signal-to-
noise ratio. Additional suction broke the membrane under the tip and opened a direct 
connection between the neuronal cytoplasm and the patching electrode. This so-called 
whole-cell configuration enables the stimulation and recording of the voltage and the 
current of the patched neuron. 
The resting membrane potential of the neuron was measured directly after breakthrough 
into the whole-cell configuration, and the series resistance was measured. Only neurons 
with a maximum serial resistance of 40 MΩ were included in this study to guarantee a 
high quality of the recorded signals.
To elicit action potentials 15 current steps of 1 s 
duration were applied to the neuron, starting at 
-50 pA with 10 pA step size or at -20 pA with a 
step size of 25 pA. 
The  smaller  steps  sizes  (10  pA)  were  mainly 
used to  identify the first  superthreshold action 
potential (AP). The small step size ensures that 
the  initiated  AP  is  very  close  to  the  native 
threshold. This AP was named first ever elicited 
AP and was used to analyse characteristics of a 
single  AP  (see  next  section).  The  first 
superthreshold AP was taken because it shows 
the lowest variance due to the fact that it is not 
influenced  by  short-term  changes  caused  by 
sustained stimulation. 
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Figure  8:  Definition  of  the  ten-spike  train: 
(A)  last  subthreshold  response  (30  pA 
current  injection).  (B)  first  superthreshold 
response (55 pA current injection). (C) first 
superthreshold response with a minimum of 
ten spikes (80 pA current  injection)  which 
was termed ten-spike train.
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The larger current steps (25pA) were taken to analyse changes in the AP-characteristics 
during sustained stimulation (see next section). Therefore the first train with a minimum 
of ten spikes was used. These AP-trains were termed ten-spike trains (Figure 8).
Shorter  current  steps  (20  ms)  were 
injected to calculate  the membrane time 
constant tau (τ). 
To  avoid  the  opening  of  voltage-
dependent  channels  only  weakly 
hyperpolarising  current  steps  (20ms) 
were  used  to  calculate  the  membrane 
time  constant  τ  (Figure  9).  Single 
exponential  curves  were  fitted  to  the 
rising phase of the traces starting at the 
offset of the stimulation pulse. Usually five hyperpolarising current steps were injected, 
fitted and the membrane time constant τ averaged from these fits (Figure 9).
2.3 Analysis of the electrophysiological data
Custom  written  macros  (courtesy  of  Dr.  Karlijn  van  Aerde)  for  Igor  Pro  6 
(WaveMetrics,  Lake  Oswego,  USA)  were  used  to  analyse  the  recorded 
electrophysiological signals.
Action  potential  threshold  was  defined as  the  point  of  maximal  acceleration  of  the 
membrane potential using the second derivative, hence the time point with the fastest 
voltage change was defined as threshold (Figure 10). 
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Figure 9: Calculation of the membrane time constant 
tau.  The  recorded  voltage  (red line)  was 
approximated  with  an  exponential  fit  (blue  line) 
starting at stimulus offset.
Figure  10: Analysis of the action potential characteristics with Igor Pro.  (A) Action potential maxima are 
marked in violet, thresholds in green and action potential half-width in blue.  (B) Magnification of the time 
course of the action potentials 1-3 from (A) displaying the points for half-width calculation in more detail. 
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The AP-amplitude was defined as the voltage difference between the threshold and the 
maximum. Action potential half-width was defined as the time difference of the rising 
and decaying phase of the AP at half-maximum amplitude (Figure 10, B). 
The first ever elicited AP (see former section) was used to analyse the characteristics of 
single action potentials like threshold, amplitude and half-width. 
Characteristics of AP-trains like firing rate and discontinuous spiking were calculated 
for the first train with a minimum of 10 spikes (Figure 8). The firing rate was defined as 
number of action potentials elicited during the stimulus (1 s). For the calculation of an 
index of discontinuous spiking, the ratios of sequential ISIs were evaluated, for instance 
the second ISI was divided by the first ISI, the third ISI by the second ISI and so on. A 
ratio of 2.5 or higher was defined as discontinuous spiking within an AP-train.
For the calculations of the input resistance, the response of the neuron to a voltage step 
from -60  mV to  -70  mV was  used.  The  current  induced  by the  current  steps  was 
calculated as the difference between the baseline current at -60 mV and the sustained 
current after the voltage step to -70 mV 
(300-400 ms after  onset).  Using Ohm's 
law  (R=V/I),  the  input  resistance  was 
calculated  as  the  voltage  change  (-10 
mV)  divided  by  the  induced  current 
flow.
To analyse the rate of rise of the initiated 
action  potentials,  the  derivative  of  the 
membrane voltage versus  the  time was 
calculated  (Figure  11,  B).  These  dV/dt 
phase  plots  allow  an  identification  of 
similarities  of  all  APs  within  a  spike 
train. For clarification an AP- train with 
a low number of APs was chosen (Figure 
11,  A).  The grey box marks  the  rising 
phase  of  the  action  potentials  and thus 
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Figure  11:  Characterisation  of  the  rising  phase  of 
action  potentials  (APs).  (A)  Train  with  four  evoked 
APs. (B) dV/dt phase plot of the AP-train shown in 
(A).The grey area marks the rising phase of the APs, 
whereas the white area below the grey area shows 
the falling phase of the APs. The different APs are 
marked with different colours. Same colour code was 
used for (A) and (B).
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the peaks of the action potentials are located at the right side with the most positive 
membrane potential. 
The  example  presented  in  figure  11  shows  that  the  first  AP (blue)  reaches  voltage 
changes of about 150 mV/ms and therefore rises much faster than the subsequent APs 
which reach only changes below 100 mV/ms. In addition, the phase plot shows that the 
first AP (blue) is the largest one changing the membrane potential from -30 mV to about 
30 mV. The following APs have a higher threshold, which is characterised by the shift to 
of  the  slope  to  the  right.  In  the  phase plot  the  APs  after  the  first  one  are  uniform 
suggesting a regular spike pattern. 
2.4 Cell staining
Neurons  were  filled  with  biocytin  during  the  recordings  and  stored  in  fixative 
containing 4% paraformaldehyde and 0.1% glutaraldehyde). After fixation overnight at 
4°C, the slice was rinsed three times for ten minutes in 0.1 M phosphate buffer (PB; pH 
7.4) to remove the fixative. Between the rinsing steps the slices were placed on a shaker. 
Endogenous peroxidase activity was blocked by incubating the slice in 3% H2O2 in PB 
for 30 minutes. Peroxidase activity is apparent by the strong development of bubbles, 
following this procedures the slice was again rinsed 6 to 8 times for 10 minutes in PB 
until the bubbles disappeared. 
To cryoprotect the tissue, the slice was incubated in 10% sucrose in PB for 15 minutes 
and then in 20% sucrose in PB for minimally 30 minutes until the slice sunk to the 
bottom.  Next,  the  slice  was  freeze-thawed  in  liquid  nitrogen  to  perforate  the  cell 
membrane for  the  avidin-biotinylated-enzyme-solution  (ABC-solution).  For  freezing, 
the liquid was blotted off the slice with filter paper and the slice transferred with a brush 
on the wall of a tube. The tube was closed and immersed in liquid nitrogen until no 
more bubbles formed (30-60 sec). Afterwards the frozen slice was directly dropped into 
PB. Slices of P6/P7 rats were freeze-thawed only once, but for slices from the P20-34 
animals freeze-thawing needed to be repeated two or three times. 
After four rinses for ten minutes, ABC-solution (ABC-Kit, Vectastain Elite Kit, Linaris, 
Wertheim, Germany; ratio: A:B:0.1M PB=1:1:98) was added to the slice and incubated 
for one hour at room temperature and then overnight at 4°C. On the next morning the 
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slice was left one hour at room temperature and rinsed six times for ten minutes with 
PB. 
Subsequently, each slice was incubated in 5 ml DAB-solution (0.7 mg/ml 0.1 M PB) for 
25  minutes  in  the  dark  at  4°C.  The  reaction  was  intensified  with  CoCl2 and 
(NH4)2Ni(SO4)2. After 25 minutes 13.5 µl of 0.3% H2O2 (in 0.1 M PB) per slice was 
added and the reaction with DAB started. The labelling-reaction was controlled under a 
light  microscope and stopped by transferring the  slice  into PB.  Next,  the  slice  was 
rinsed  at  least  four  times  for  10  minutes  with  PB.  Very well-stained  neurons  were 
processed further for electron microscopy (see below) and the remainder embedded in 
Moviol (pH 8.5; Calbiochem, San Diego, USA).
The slice was incubated for 30 minutes in 0.5% osmium solution and then rinsed 3 
times  for  10  minutes  with  PB.  To  guarantee  a  complete  dehydration  the  slice  was 
trimmed around the labelled neuron.  The trimmed slice was rinsed two times for 2 
minutes  in  distilled  water  and dehydrated  with  steps  of  ascending ethanol  series.  A 
cover glass was placed above the slice to flatten the tissue. 
The dehydration series was started with 30% ethanol and increased to 50%, 60%, 70%, 
80%, 90% and 95% ethanol with 10 minutes incubation time per step. Afterwards, the 
slice was incubated in 100% ethanol two times for 20 minutes and then two times for 1 
minute in propylene oxide. As last step the slice was incubated in Durcupan  (Sigma-
Aldrich, Munich, Germany), first in Durcupan-propylene oxide solution with the ratio 
1:1 for 30 minutes and then in pure Durcupan for 2 hours. After substitution with fresh 
Durcupan, the slice was incubated for two days at 4°C and then embedded in Durcupan. 
The slice was stored for two days in an oven at 60°C to polymerise the Durcupan. 
25
Materials and Methods
2.5 Morphological reconstruction
The  biocytin-labelled  neurons  were 
reconstructed  with  the  aid  of  the 
software Neurolucida (MBF Bioscience, 
USA) (Figure  12)  using  an  Olympus 
optical  (Hamburg,  Germany)  BX61 
microscope with a final magnification of 
1000x  (100x  objective  and  10x 
eyepiece). The reconstructions were not 
corrected for tissue shrinkage. 
Dendrites which project towards the pial 
surface and leave layer 4 were defined 
as apical dendrites. 
The data of the three spatial coordinates 
was  analysed  with  the  software 
Neuroexplorer (MBF Bioscience, USA). 
Dendritic  and  axonal  lengths  were 
measured. Furthermore, the distribution 
of  the  dendrites  and  axons  in  the 
different  layers  and  cortical  columns 
was calculated. The left and right border 
of  the  column  was  defined  by  the  left  and  right  border  of  the  barrel,  which  was 
extrapolated to the pial surface and the white matter (Figure 12). 
The reconstruction were also used to calculate the field span. The horizontal field span 
is the maximal horizontal expansion of the analysed neuron segment for example the 
axon collaterals. Similarly, the vertical field span is the maximal vertical expansion of 
the analysed neuron segment. 
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Figure  12:  Neurolucida-reconstruction of  a L4 spiny 
neuron  in  rat  barrel  cortex.  The  supragranular 
(orange),  the granular  layer  with the barrels  (violet) 
and the infragranular layers (green) are shown. The 
black frame indicates the border of the column. The 
soma of the patched neuron is located in the centre of 
the barrel (dendrites in red, axon in blue).
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2.6 Electron microscopy
After the Neurolucida-reconstruction ultra-thin sections were cut with an Ultracut UCT 
ultramicrotome (Leica, Wetzlar, Germany). The sections were examined with a Libra 
120 transmission electron microscope (Zeiss, Göttingen, Germany) and neurons with 
clearly visible membranes were selected to cut a series of ultrathin sections (thickness: 
55±5  nm).  Within  this  stack  regions  with  biocytin-labelling  were  searched  and 
photographed at a magnification of 6300x. The size of the neuron made it necessary to 
photograph several electron micrographs per section. Hence, three to five parallel stacks 
of the same neuron were used for the three-dimensional reconstruction with the aid of 
the software CAR. 
2.7 Three-dimensional reconstruction
The  electron  micrographs  were  imported  into  the  reconstruction  software  CAR 
(contour-alignment-reconstruction; developed by Kurt Sätzler, for details, see (Satzler, 
2000; Satzler et al., 2002). After importing a stack of electron micrographs into CAR, 
the  corresponding  structures  on  the  electron  micrographs  were  aligned  and  the 
structures of interest were contoured (Figure 13). First, membranes of the postsynaptic 
biocytin-labelled  neuron  were  contoured  in  blue.  Next,  presynaptic  boutons  were 
searched and outlined in yellow. These synaptic contacts were identified by the presence 
of synaptic vesicles in close proximity to the labelled neuron. Additionally, vesicles, 
dense-core vesicles, mitochondria and the active zones were contoured. 
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Figure 13: Electron micrographs showing the same biocytin-labelled neuron segment without (A) and with 
contours (B). The membrane of the labelled neuron was contoured in blue and the presynaptic bouton in 
yellow. Synaptic vesicles were marked in green and the identified mitochondrion in white. This contouring 
procedure was performed on all electron micrographs in a series.
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Only clear ring-like structures were marked as vesicles. Dense-core vesicles are large 
enough  to  be  visible  on  two consecutive  sections,  but  were  contoured  only  in  one 
section to avoid double-counting. 
After  contouring  all  structures  of 
interest  on  all  micrographs  of  the 
first  stack,  the  second  stack  was 
imported  and  the  same  procedure 
performed.  Importing,  aligning  and 
contouring  was  done  for  all  five 
photographed stacks and resulted in a 
map  of  contours  on  all  sections 
(Figure 14).
The  aligned  contours  were  used  to 
reconstruct  three-dimensional 
volumetric  models  and  to  calculate 
the  surface  areas.  In  addition,  the 
number and diameter of vesicles was 
quantified. Shrinkage correction was 
not performed.
The  three-dimensional  models  were  imported  into  the  software  AMIRA  (Visage 
Imaging, Berlin, Germany), which was used to measure the shortest distance of single 
synaptic vesicles to the active zone.
2.8 Statistical analysis
All data in this study is presented as mean±SD. The statistical tests were performed 
using the Igor Pro 6 software (WaveMetrics, Lake Oswego, USA). First, all results were 
checked for  normal  distribution  using the non-parametric  Kolmogorov-Smirnov-test. 
Because the hypothesis of normal distribution had to be rejected for all results, only 
statistical tests for continuous distributions were used. The rank test of Spearman was 
taken to identify correlations between two results. Significance between two groups was 
tested using the two-tailed Mann-Whitney-test. 
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Figure 14: Contours of two well-aligned subsequent ultra-
thin sections are shown in the alignment mode of CAR, 
which allows shifts by moving the  red frame and turns 
using the green circles to align all contours. The patched 
neuron  is  marked in  blue  and  presynaptic  boutons  in 
yellow. Scale bar: 5 µm
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3 Results - L4 spiny neuron properties
3.1 Morphological and electrical properties of L4 spiny neurons
The data presented here are based on whole-cell  recordings of 73 immature and 18 
mature layer 4 (L4) spiny neurons. Detailed knowledge at the level of single neurons is 
necessary to understand cortical networks. However, the function of a neuron depends 
on  its  physiological,  morphological  and  ultrastructural  parameters.  Thus,  L4  spiny 
neurons were patched to analyse the electrophysiological characteristics. During these 
recordings the neurons were filled with biocytin to investigate the neuron morphology. 
Only neurons with a series resistance Rs of 40 MΩ or less were included in the analysis. 
This criterion was used to ensure a good recording quality. This criterion was fulfilled 
by  34  neurons  from  P6  rats  and  39  neurons  from  P7  rats  fulfilled  this  criterion. 
Discrepancies in the active neuron properties were not found between these 73 P6 and 
P7 rats (Spearman-test,  α=0.05). On that account the data were pooled and the P6 and 
P7 rats were classified as immature group.  Using the same quality criterion (Rs =  40 
MΩ), 18 L4 spiny neurons of P20-P34 rats were included in the analysis to test which 
neuron characteristics changed in an age-dependent fashion. Discrepancies in the active 
neuron properties were not found within this mature group (P20-34) and therefore the 
data  was pooled  (Spearman-test,  α=0.05).  Neurons with  sufficiently intense  staining 
along the axon length were selected for a further morphological analysis. Hence, 20 
neurons  from  P6  rats,  15  neurons  from  P7  rats  and  13  mature  neurons  were 
reconstructed  with  the  aid  of  the  software  Neurolucida.  The  reconstructions  of  the 
stained neurons were used to quantify morphological parameters like the axon length. 
Unfortunately, axons from the mature neurons were cut near the border between L4 and 
L5  during  the  slicing  procedure.  Consequently,  only  developmental  changes  of  the 
dendritic tree and the distribution of the axon in L4 and the supragranular layers could 
be analysed. 
All  biocytin-labelled  neurons  were  examined  under  the  light  microscope  at  high 
magnification. During these examinations, dye coupling between immature neurons was 
observed regularly. Immature excitatory neurons exhibit gap junctions which are large 
enough to be permeable for biocytin (Vaney, 1991; Yuste et al., 1992; Nadarajah et al.,  
1997). 
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3.1.1 Developmental changes in passive membrane properties
However, to determine changes in the passive membrane properties, the neuronal input 
resistances and membrane time constants were measured (Table 1). The decrease in the 
input  resistance  and  the  membrane  time  constant  during  the  development  is  highly 
significant (immature n=73, mature n=18; Mann-Whitney-test,  α=0.005). The resting 
membrane  potential  in  mature  spiny  neurons  was  more  hyperpolarised  than  the 
immature neurons. 
3.1.2 Developmental changes in single action potential characteristics
Characteristics of single action potentials 
were  analysed  using the  first  elicited 
action  potentials  (APs)  of  a  neuron 
because they are not influenced by short-
term  changes  which  occur  during 
sustained  current  injections.  Thus,  these 
APs show only a low variability in size 
and duration  and hence  are  adequate  to 
analyse AP-characteristics. 
These  first  superthreshold  APs  were 
evoked using 10 pA steps to ensure that 
the  studied  APs  were  evoked  near  the 
native AP-threshold. 
Highly significant developmental differences were found in the AP-amplitude and the 
AP-half-width (Figure 15 and figure 16, top and middle) (immature n=73, mature n=18; 
Mann-Whitney-test, α=0.001). 
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Table  1:  Developmental  changes  of  passive  membrane  properties  in  L4  spiny  neurons.  (immature 
neurons: n=73; mature neurons: n=18, SD= standard deviation)
Figure  15:  Comparison  of  the  amplitude  and  half-
width of single action potentials in immature (left) and 
mature (right) L4 spiny neurons. Action potentials are 
shown in red, half-widths in blue and amplitude size 
is indicated by black horizontal lines. For clarification 
the threshold point was shifted to the same baseline.
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For  instance,  action  potentials  evoked  in 
immature neurons were 30 mV smaller in 
amplitude and had a longer  duration than 
those recorded in mature neurons. A small 
and  not  significant  shift  of  0.9  mV was 
detected in the threshold between immature 
and  mature  neurons  (Figure  16,  bottom) 
(Mann-Whitney-test, α=0.05). Additionally, 
the group of  immature neurons showed a 
noticeably  higher  variation  in  all  three 
analysed characteristics (Figure 16).
3.1.3 Developmental changes in firing 
pattern
For  the  analysis  of  the  AP  firing 
characteristics during sustained stimulation, 
the  first  superthreshold  AP-train  with  ten 
spikes,  the  so-called  ten-spike  train (for 
details  see  Materials  and  Methods)  was 
studied.  Using such a  well-defined action 
potential  train  was  necessary  because 
immature  neurons  showed  a  high 
variability in their firing responses. The use 
of trains with a higher spike number would 
have  excluded  many  neurons  from  this 
study.  Besides,  restricting  the  analysis  to 
trains  with regularly  spaced  action 
potentials  is  like  to  underestimate  the 
variance  in  neuron  firing.  An  immature 
(Figure 17, A1, A2) and a mature neuron 
(Figure  17,  B1,  B2)  were  selected  to 
illustrate the detected developmental differences. 
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Figure 16: Boxplots of developmental differences 
in action potential characteristics (immature n=73; 
mature  n=18): Top:  AP-amplitudes  increased 
during  maturation.  Middle:  AP-half-widths  were 
longer in  immature  neurons.  Bottom:  No  strong 
difference was found in the AP-threshold between 
the  immature  and  mature  neurons.  Immature 
neurons  showed  a  higher  variation  in  all  three 
analysed characteristics than mature neurons.
Results - L4 spiny neuron properties
32
Figure 17: Illustration of the developmental changes in the characteristics of the action potentials during an 
AP-train showing an immature neuron (A1 and A2) and a mature neuron (B1 and B2). The so-called ten  
spike-trains of the immature (A1) and the mature (B1) neuron are shown. The responses of the immature 
neuron from A1 and mature neuron from B1 to increased current injections were presented in A2 and B2. 
The dV/dt phase plots are shown above the corresponding AP-trains. For clarification, the first APs were 
marked in black in all trains and plots. All graphs were scaled identical to allow a direct comparison of the 
AP-amplitude and rate of rise between immature and mature neurons. The dV/dt plots show that the first 
AP rose faster than the following ones and that the first AP exhibited the largest amplitude. The following 
APs were uniform which suggests a regular spiking neuron. The dimension of the difference between the 
first AP and the following APs depended on the maturity (e.g. A2 vs. B2) of the neuron and the intensity of 
the stimulus (e.g. A1 vs. A2). APs evoked in mature neurons (B1) had larger amplitudes than APs initiated 
in immature neurons (A1). Details of the firing pattern and the morphology of the immature neuron (A1 and 
A2) are shown in figure 23.
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Therefore,  the  ten-spike trains  (Figure  17,  A1,  B1) and responses  to  higher  current 
injections (Figure 17, A2, B2) are shown. In addition, dV/dt phase plots were calculated 
(for details see Materials and Methods) and were displayed above the corresponding 
firing train. The dV/dt plots showed that the first action potential (black) rose faster than 
the following ones in both ages and both stimulation protocols (Figure 17). However, 
the first evoked AP of a train had the largest amplitude compared to all following APs in 
the same train.  The dV/dt phase plots  of the first APs (black) showed similar wave 
forms independent of the strength of the current injections (Figure 17, e.g. A1 vs. A2). 
Amplitudes of the APs following the first APs were smaller in response to larger current 
injections than in the ten-spike train (Figure 17,  A1 vs.  A2). This phenomenon was 
observed regularly in immature neurons, but a clear objective  evaluation was hardly 
possible because the responses of the analysed immature neurons to increased current 
injections varied strongly between the individual neurons. For instance, the immature 
neuron  shown  in  figure  17,  A2  ceased  firing  before  the  end  of  the  stimulus. 
Furthermore, sudden drops in the number of action potentials from one current step to 
the next were frequently observed in the immature neurons. Due to this variability, it 
was impossible to find a characteristic train to analyse differences in the AP-amplitude 
in responses to different stimulation intensities. 
As seen, the analysis of the dV/dt plots showed that the APs rose faster in the mature 
neurons than in the immature ones. Moreover, the AP-amplitudes were larger in the 
mature neurons compared to  the immature neurons (Figure 17).  This developmental 
difference was already described for the first evoked superthreshold AP (Figure 15 and 
16). 
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3.2 High variance in the firing pattern and morphology in 
immature neurons
For the analysis of the firing pattern, the AP-half-width and the rate of decay of the APs 
was  used  to  distinguish  regular  spiking  neurons  from  fast  spiking  GABAergic 
interneurons (McCormick et al. 1985). 
As known, action potentials of fast spiking interneurons are much shorter than the ones 
of regular spiking neurons and exhibit usually half-widths of about 0.3 ms (Gibson et 
al., 1999; McCormick et al., 1985). In this work, mature L4 spiny neurons had AP-half-
widths of about 0.6 ms (Figure 15). The rate of decay is higher in fast spiking neurons 
than in regular spiking neurons (Figure 18). Moreover, afterhyperpolarisations in fast 
spiking interneurons are steeper than in regular spiking neurons (Figure 18). Taking the 
AP-half-widths and the dV/dt phase plots into account, all analysed L4 spiny neurons 
exhibited a regular spiking firing pattern.
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Figure  18:  Comparison  of  a  fast  spiking  (left  panel)  and  a  regular  spiking  (right  panel)  neuron.  For 
clarification the same scale was used for both panels.  Left panel: Ten-spike train and the corresponding 
dV/dt phase plot of a mature fast spiking neuron from layer 6 of the barrel cortex (courtesy of Guanxiao 
Qi).  Right panel: Ten-spike train and the corresponding firing train of a mature L4 regular spiking neuron 
(same as in figure 17, B1). The fast spiking neuron showed a much higher rate of decay than the regular 
spiking neuron. 
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If  an  inter-spike-interval  (ISI)  in  the 
ten-spike train was ≥2.5 longer than the 
previous  ISI,  neurons were defined as 
exhibiting discontinuous firing, because 
they showed “interruptions” within the 
firing train (Figure 19).  Discontinuous 
firing in the ten-spike train was found 
in  55.1% of the immature neurons, but 
responses  to  the  following  by  25  pA 
increased  command  pulse  showed always  continuous  firing.  The  durations  of  these 
“interruptions” in the ten-spike trains differed between individual immature L4 neurons. 
For  instance,  neurons were  found which  showed several  regular  spiking APs at  the 
beginning of the stimulus, stopped firing and started again (Figure 19). 
All  analysed  neurons  possessed  spines  which  suggests  that  they  were  excitatory, 
although the number of spines found on the immature neurons was low (Figure 20). The 
spines differed in shape and size (Figure 20).  Some spines are long and thin whereas 
other spines are short and stubby. Also branched spines were noticed. 
In  summary,  the existence of  spines  on the  dendrites  and the  regular  spiking  firing 
pattern suggested that all examined neurons were excitatory. 
Four  immature  L4  spiny neurons  were 
selected  (Figure  21,  22,  23  and  24)  to 
illustrate  the  differences  in  the  firing 
pattern during different current injections 
and  to  allow  a  comparison  of  these 
characteristics  with  the  neuron 
morphology.  Hence,  two  immature 
neurons  were  selected  which  showed 
continuous  firing  in  the  ten-spike  train 
(Figure  21 and 22)  and two which did 
not (Figure 23 and 24). 
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Figure  19:  Action  potential  train  of  an  immature 
regular  spiking  L4  spiny  neuron  which  exhibited 
discontinuous firing in the so-called ten-spike train.
Figure  20: Spines on an immature L4 spiny neuron. 
The spines varied in their lengths and shapes. Scale 
bar: 5 µm
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The first superthreshold response, the ten-spike train and the train following the ten-
spike train (current step increased by 25 pA) were chosen to illustrate the characteristics 
of the firing pattern of the neurons. A distinction between the apical dendrites and the 
remaining dendrites was made to characterise the neuron morphology. 
In the figure 21, a neuron is shown which had many axon collaterals compared to the 
other displayed immature neurons (Figure 22, 23 and 24). Most of these axon collaterals 
were  orientated  horizontally  towards  the  right  side.  No  axon  segments  were  found 
within  layer  2/3  and  only  a  short  apical  dendrite  was  recognisable.  The  first 
superthreshold response consisted of a single action potential as it was observed for 
45.8% of the immature spiny neurons (Figure 21, right panel, top). The ten-spike train 
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Figure  21: Neurolucida-reconstruction (left panel) and patch-clamp recordings (right panel) of a regular 
spiking immature L4 spiny neuron which exhibited a continuous firing pattern in the ten-spike train (right  
panel, middle).  Left panel: Neuron soma and dendrites are shown in red and the axon in blue. The layer 
borders are indicated by the horizontal black lines on the left side (L=layer). The barrel border is outlined 
with a dashed black line. Scale bar: 100 µm. Right panel: Action potential trains (red) which were evoked 
by injection of a current pulse (black line). The intensity of the current injection was presented on the right 
side  of  these  black  lines.  Right  panel,  top:  Just  superthreshold  response.  Right  panel,  middle:  First 
superthreshold  response with  a  minimum of  ten action potentials,  the so-called ten-spike train.  Right 
panel,  bottom:  Response following  the action potential  train  displayed in  the  middle panel  (increased 
current step by 25 pA).
Results - L4 spiny neuron properties
showed a continuous regular spiking firing pattern and increased current injection (by 
25 pA) caused an increase in the number of action potentials.
One  immature  L4  neuron  was  recorded  in  which  the  first  superthreshold  response 
consisted already of 10 action potentials (Figure 22). Thus, in this exceptional case the 
first  superthreshold firing train is  equivalent  to  the ten-spike train (Figure 22,  right  
panel, top). Increasing the stimulus strength from 30 pA to 55 pA resulted in a doubling 
of the firing rate (Figure 22, right panel, bottom). 
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Figure  22:  Neurolucida-reconstruction (left panel) and patch-clamp recordings (right panel) of a regular 
spiking immature L4 spiny neuron which exhibited a continuous firing pattern in the ten-spike train (right  
panel, top). The just superthreshold response is equivalent to the ten-spike train. For all panels, the same 
colour code and scale bars were used as in figure 21.
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The neuron shown in figure 22 exhibited a dendritic tree which was orientated towards 
the barrel border. Moreover, a long  apical dendrite was identified which bifurcated in 
L1. The axon projected throughout all six layers of the barrel cortex and possessed one 
prominent branch which reached the neighbouring barrel and from there this branch 
processed towards the pial surface.
As seen in figure 23, the axon of the neuron was restricted to the infragranular and 
granular layers. The apical dendrite was short and reached only the lower part of L2/3. 
Two  long  ISIs  were  found  during  the  analysis  of  the  ten-spike  train,  but  no 
discontinuous firing was observed in the train following the ten-spike train (increased 
current step by 25 pA) (Figure 23, right panel, middle and bottom). 
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Figure  23: Neurolucida-reconstruction (left panel) and patch-clamp recordings (right panel) of a regular 
spiking immature L4 spiny neuron with discontinuous spiking in the ten-spike train. The same neuron was 
also used to  highlight  the differences  in  the  firing  pattern between immature  and mature  neurons to 
different current intensities (Figure 17). For all panels, the same scheme, colour code, and scale bars were 
used as in figure 21.
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Three neurons from P6 rats stopped firing before the end of the stimulus. One example 
was presented in figure 24. The firing ceased in about the middle of the stimulus (Figure 
24, right panel, middle). Ten spikes were reached, which was the maximum firing rate 
of  this  neuron.  Higher  current  injections  evoked  a  reduced  number  of  spikes.  This 
neuron (Figure 24) possessed only ten axon branches and one of these axon collaterals 
was found within the supragranular layers. 
Altogether, a correlation between the neuron morphology and the electrophysiological 
characteristics was not found. Immature spiny neurons had on average 4.0±1.7 dendrites 
with a total length of 743.73±457.1 µm. Moreover, 86.7% of the immature neurons had 
an apical dendrite. However, only 5 of the 35 reconstructed immature neurons possessed 
an apical dendrite  which reached the layer 1 of the barrel  cortex.  The axons of the 
immature L4 spiny neurons had on average 20.5±11.5 branches with a mean length of 
3809.7±1934.4 µm.
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Figure  24: Neurolucida-reconstruction (left panel) and patch-clamp recordings (right panel) of a regular 
spiking immature L4 spiny neuron which stops firing before the half-time of the stimulus (right panel,  
middle). For all panels, the same scheme, colour code and scale bars were used as in figure 21. 
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3.2.1 Characteristics of mature L4 spiny neurons
Mature L4 spiny neurons were  studied to  determine which  electrophysiological  and 
morphological  parameters  of  the  immature  neurons changed during development.  A 
mature L4 spiny neuron was presented in figure 25. Interestingly, discontinuous spiking 
was  also  observed  in  the  ten-spike  train  (Figure  25,  right panel,  middle).  This 
observation was made in 5 out of 18 (27.8%) mature neurons. However, all of these 
neurons showed continuous firing in the train following the ten-spike train (increased 
command pulse by 25 pA). An apical dendrite was not observed and the dendritic tree 
was orientated towards the barrel-centre. The axon projected towards the supragranular 
layers and reached also the layer 1. 
In summary, mature L4 spiny neurons had a similar number of dendrites (3.2±0.8), but 
their  total  length  was  on  average  2617.9±599.6  µm.  The  axons  had  on  average 
32.5±29.6 branches with a mean length of 8395.1±8722.7 µm. Unfortunately, the axons 
were often cut  near  the L4/L5 border,  but the given numbers  can still  indicate  that 
strong morphological changes occur during the development. 
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Figure  25: Neurolucida-reconstruction (left panel) and patch-clamp recordings (right panel) of a regular 
spiking mature L4 neuron which showed discontinuous firing in the ten-spike train. No infragranular axonal 
projections were observed due to a very proximal truncation of the axon in L4. For all panels, the same 
scheme, colour code and scale bars were used as in figure 21. 
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3.2.2 Columnar organisation of L4 spiny neurons
An overlay of the axonal and dendritic domains of all reconstructed immature neurons 
(n=35) was created with respect to the barrel-centre (Figure 26). The barrel size was 
averaged. Thus, the mean width was 164.7±44.3 µm and the mean height 122.4±25.5 
µm. Only an approximate position of the border between the granular layer (L4) and the 
supragranular  layers  (L1  and  L2/3)  and  between  the  granular  and the  infragranular 
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Figure  26:  Computer-aided reconstructions  of  immature  L4  spiny  neurons  (n=35),  superimposed  and 
aligned with respect to the barrel-centre. Dendrites are displayed in red and axons in blue. Averaged barrel 
size was indicated by a  white box. The borders of the averaged “barrel” column are indicated by  white 
dashed  lines.  Borders  of  the  layer  4  (granular  layer)  to  the  supragranular  layers  (L1-3)  and  to  the 
infragranular layers (L5-6) are indicated on the left side by white horizontal lines. Scale bar: 100 µm
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layers (L5 and L6) could be marked because of the normalisation of the barrel size and 
the alignment to the barrel-centre.
As seen, several horizontal axon collaterals were found in the infragranular layers, but 
most axon segments were confined to the column. Only a low number of axon branches 
was found in the supragranular layers (Figure 26). Apical dendrites of the immature L4 
spiny neurons expanded towards the pial surface and 5 of them reached the layer 1 
(n=35). However, the identified apical dendrites were restricted to the column in which 
the neuron soma was located. Thus, this column was termed home-column. Analogous, 
the barrel containing the neuron soma was termed home-barrel. The remaining dendrites 
showed a  restriction  to  the  home-barrel  remaining  dendrites.  Thirteen  mature  spiny 
neurons were reconstructed, but most of the axons were cut near the L4/L5 border. 
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Figure  27: Camera lucida reconstructions of mature L4 spiny neurons (n=9), superimposed and aligned 
with respect to the barrel-centre. Dendrites are displayed in red and axons in blue. Averaged barrel size is 
outlined in white. Two neighbouring barrels are added symbolically. The borders of the averaged column 
are indicated by white dashed lines. Borders of the layer 4 (granular layer) to the supragranular layers (L1-
3) and to the infragranular layers (L5-6) are indicated on the left side by white horizontal lines (modified 
from Lubke et al., 2003)
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In an earlier study (Lubke et al., 2003) nine L4-L2/3 pairs were recorded in 19-25 days-
old rats and reconstructed. These L4 spiny neurons from the pair-recordings match the 
age used here in this work and the axons were not cut near the L4/L5 border. Thus, a 
superposition  of  these  nine  L4  neurons  was  used  here  to  illustrate  the  columnar 
organisation  of  mature  L4 spiny neurons  (Figure  27).  The comparison of  immature 
(Figure  26)  and  mature  spiny neurons  (Figure  27)  showed  that  the  latter  are  more 
restricted to  the home-column.  Mature L4 spiny neurons exhibited  fewer horizontal 
axon collaterals than the immature L4 neurons. 
3.2.3 Morphological changes during development
The results presented in this section are based on the Neurolucida-reconstructions of 35 
immature and 13 mature spiny neurons. One of the mature neurons was a star pyramidal 
neuron and was not included in the analysis because the focus was set in this study on 
spiny stellate neurons. For immature neurons a distinction of spiny stellate neurons and 
star pyramidal neurons was not possible and as a consequence the immature neurons 
were  termed  spiny  neurons. 
Developmental  changes  in  the  neuron 
morphology  were  quantified  by  using 
the  software  Neuroexplorer to  analyse 
the  performed  Neurolucida-
reconstructions. 
All  layer  borders,  barrel  borders  and 
column borders were also reconstructed 
(for details see Materials and Methods) 
and  used  to  calculate  the  lengths  of 
axons  and  the  dendrites  within  the 
different layers, the home-barrel and the 
home-column. 
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Figure  28:  Neurolucida-reconstructions  of  thirty-five 
immature  (top)  and  twelve  mature  (bottom)  L4 
neurons  were  analysed.  Histogram  presenting  the 
laminar  distribution  of  the  axon  (blue)  and  the 
dendrites (red) in the  supragranular (L1-3), granular 
(L4) and infragranular (L5+6) layers (mean±SD). 
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Significant changes in the percentage of the axon (Figure 28) within all analysed layers 
were found (immature n=35, mature n=12, Mann-Whitney-test, α=0.05). 
In  mature  neurons  (n=12)  38.6±25.6%  of  the  axon  were  localised  within  the 
supragranular  layers  whereas  only  8.4±9.1%  of  the  axons  were  found  in  the 
supragranular layers in the immature neurons (n=35). An increase from 23.6±10.1% in 
immature neurons to 56.4±24.7% in mature neurons was detected for axon segments 
within  layer  4  (Figure  28).  The  percentage  of  the  axon  in  the  infragranular  layers 
decreased from 67.8±15.1% in immature neurons to 5.0±5.6% in the mature neurons. 
Since the axons of mature neurons were cut frequently near the L4/L5 border, the total 
axonal  length  and  their  relative  fraction  in  infragranular  layers  are  underestimated. 
Similarly,  the fractions in the granular and supragranular layers are overrepresented. 
Nevertheless, the developmental changes in the axon distribution were analysed here, 
because it is known that axons of mature spiny neurons mainly branch in layer 4 (Figure 
2). This signifies that only a small part of the whole axon length was cut off. 
Nearly all parts of the dendrites were located within layer 4 of both age groups (Figure 
28; immature: 94.4±13.8; mature: 94.3±6.0%). Apical dendrites were not shown in the 
histograms because they were only detected in the immature neurons in this study. On 
average,  the  proximal  half  of  the  apical  dendrites  remained  in  the  granular  layer 
(49.1±24.4%)  whereas  the  distal  part 
expanded towards  the  pial  surface  and 
was located supragranularly. 
Additionally to the laminar distribution, 
the columnar confinement of axons and 
dendrites  was  evaluated.  Axons  were 
less restricted to the home-column than 
the  dendrites  (Figure  29),  but  no 
significant developmental changes were 
observed (immature n=35, mature n=12, 
Mann-Whitney-test,  α=0.05).  Nearly 
100%  of  the  dendrites  (immature: 
95.0±7.1%;  mature:  97.0±4.7%)  were 
confined to  the  home-column and still 
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Figure  29:  Histogram  showing  the  columnar 
organisation  of  the  axons  (blue)  and  the  dendrites 
(red). The percentages (mean±SD) of the axons and 
dendrites  found  within  the  home-column  were 
displayed for 35 immature (left) and 12 mature (right) 
neurons.
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about  85%  were  found  within  the  home-barrel  (immature:  87.7±11.5%;  mature: 
85.0±13.3%). 
Besides  to  the  laminar  and  columnar  distribution,  the  maximal  expansion  of  the 
dendritic and axonal domains was evaluated. This so-called field span is shown in table 
2. The observed age-dependent increase in the horizontal field span of the dendrites was 
highly significant  (immature n=35,  mature n=12,  Mann-Whitney-test,  α=0.001).  The 
vertical field span of the dendrites had the same expansion in the immature and mature 
neurons, but less variation was found in the mature group (SD immature 126.0 µm vs. 
SD mature 68.2 µm). 
The maximal expansion of the axon in the vertical direction was not analysed because 
of the truncation of the axon near the L4/L5 border in mature neurons. 
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Table 2: Quantification of dendritic and axonal field span of immature (n=35) and mature (n=12) L4 spiny 
neurons of the barrel cortex. Additionally, the soma size is displayed. All values are expressed in µm. (SD= 
standard deviation)
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3.3 Three-dimensional reconstruction of an immature L4 
excitatory neuron
The  function  of  a  single  neuron  within  the  cortical  circuit  depends  on  its 
electrophysiological  and  morphological  characteristics.  However,  the  number  and 
location of the synapses play a crucial role. In particular, the ultrastructural composition 
of these synaptic contacts is a crucial factor for the functional properties of synaptic 
transmission. 
For the analysis of the structure of input synapses, a well-stained immature L4 neuron 
was selected from six others because it showed the best preserved ultrastructure (Figure 
30). For this, 100 serial ultra-thin sections with a thickness of 55±5 nm each were cut. 
Electron micrographs were taken from each of these sections. Based on these electron 
micrographs a three-dimensional volumetric reconstruction of this neuron and its input 
synapses was created (Figure 33).
The selected neuron was regular spiking and showed discontinuous firing in the ten-
spike train (Figure 30). This is a feature which was observed in 55.1% of the immature 
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Figure  30: Neurolucida-reconstruction (left panel) and patch-clamp recording (right panel) of a regular 
spiking immature L4 neuron  which showed discontinuous  firing in  the so-called  ten-spike train  (right 
panel, middle). This neuron was selected to cut serial ultra-thin sections for the analysis of the structural 
composition of synapses using volumetric three-dimensional reconstructions. For all  panels, the same 
scheme, colour codes and scale bars were used as in figure 21. (WM=white matter)
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neurons.  Due  to  the  regular  spiking  firing  pattern  and  the  existence  of  spines  the 
selected neuron was excitatory. However, the axon collaterals projected throughout all 
six layers and with some reaching supragranular layers 1 and 2/3. 
The neuron exhibited five primary dendrites and a short apical dendrite (Figure 30). 
Apical  dendrites  were  found  on  86.7% of  the  reconstructed  immature  L4  neurons. 
Moreover, dye-coupling was found between the selected neuron and other L4 neurons 
(Figure 32, B). 
For  the  analysis  of  the  ultrastructural  composition  of  the  synapses,  the  ultra-thin 
sections were examined using a transmission electron microscope. On every section of 
the stack biocytin-labelled neuron segments were searched and photographed. Three to 
five  electron  micrographs  per  section  were  needed  for  the  three-dimensional 
reconstructions to include all  neuron segments (Figure 31).  These micrographs were 
imported  into  the  reconstruction  software  CAR.  On  every  electron  micrograph  the 
membranes of the patched neuron and the input synapses were contoured (Figure 31, 
inset).  Within  the  presynaptic  boutons,  structural  components  like  vesicles  and 
mitochondria were marked.
Based  on  these  contours  three-
dimensional  volumetric  reconstructions 
were  calculated  (Figure  33).  The 
emerging 3D-models were used to analyse 
structural  parameters  for  synaptic 
transmission  like  the  distribution  of 
synaptic  vesicles.  However,  the 
comparison  of  the  Neurolucida-
reconstruction  with  the  CAR-
reconstruction  allowed  the  identification 
of the apical dendrite, three dendrites and 
the axon (Figure 32, C and D). One of the 
three dendrites projected mainly in the z-
direction  and  is  therefore  only  poorly 
visible in the two-dimensional view (Figure 33, black circle). 
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Figure 31: Overlay of three electron micrographs to 
illustrate the expansion of the patched neuron. For 
clarification  all  biocytin-labelled  segments  of  the 
patched  neuron  are  shaded  blue and  the 
presynaptic boutons yellow. Scale bar: 5 µm. Inset: 
A part of the electron micrograph was selected to 
clarify  how  the  reconstructions  were  performed: 
The  membrane  of  the  dark,  biocytin-labelled 
postsynaptic neuron was contoured with a blue line 
and  the  membranes  of  the  presynaptic  boutons 
were contoured with yellow lines . Scale bar: 1 µm
Results - L4 spiny neuron properties
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Figure  32: (A-D) Same L4 excitatory neuron (A) Acute thalamocortical slice with the patch electrode 
showing the position of the recorded neuron in L4. (B) Extended focal image of the biocytin-labelled 
neuron. (C) Neurolucida-reconstruction: Soma and dendrites (red), the origin of the axon (blue) and the 
presynaptic  boutons  (green  circles)  are  shown.  Grey  lines  indicate  the  confines  within  which  the 
reconstruction  in  (D)  was  performed.  (D)  Partial  three-dimensional  reconstruction  of  the  L4-neuron 
generated with the CAR-software. Details are identifiable in the figure 33. Biocytin-labelled segments are 
shown in dark blue and the presynaptic boutons in yellow. The bright blue stripes are segments inferred 
from Neurolucida-reconstruction (panel C) and were not reconstructed in CAR. The soma shown in (D) 
seems smaller than in (C), because in (C) the largest circumference was reconstructed whereas in (D) 
only parts of the neuron are shown because only parts of the neuron were cut. Scale bar: (A) 200 µm; 
(B-D) 20 µm
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Thirteen boutons were detected on the excitatory neuron (Figure 33). Four of them were 
located on the apical dendrite. On the left dendrite four boutons were identified, but no 
synapse was found on the middle one. Two boutons were located on the right dendrite 
and  the  remaining  three  in  close  proximity  to  or  at  the  soma.  The  analysis  of  the 
geometry of  the  boutons  on the  patched neuron revealed  no unique shape and size 
(Figure 33). However, the smallest bouton had a surface area of 1.5 µm² and the largest 
bouton of 13.0 µm². Though, the largest bouton showed a more elongated shape while 
the smallest one had a sphere-like shape. On average the boutons on the patched L4 
spiny neuron had a surface area of 4.4±2.9 µm² (n=13). 
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Figure 33: Magnification of the figure 32, D with same colour code used. In the middle part of the image 
the soma and three (left, middle and right) dendrites are shown. The dendrite in the middle (black circle) is 
poorly  visible,  because  it  projected  mainly  in  z-direction.  The  vertical  segment  (towards  the  pia,  for 
comparison see figure 32) above the soma is the apical dendrite and below is the axon. Four boutons 
were found on the apical dendrite. One of them is a poorly visible, therefore the positions was marked with 
a yellow circle. Four input synapses were found on the left dendrite and two on the right one. Near the 
soma, three boutons were detected. On the axon a filopodium was found (arrowhead). Scale bar: 5 µm
Results - L4 spiny neuron properties
Vesicle pools belonging to the active zones (AZ) projecting onto the patched neuron 
were analysed.  The pool sizes varied strongly,  ranging from only 22 vesicles in the 
smallest pool up to 343 vesicles in the largest pool. Moreover, the vesicle diameters 
varied  from  17  nm  to  84  nm  while  the  mean  vesicle  diameter  was  42.5±9.0 nm 
(n=1963). 
Ten  spine-like  protrusions  were  detected  during  the 
examination of the surface of the patched neuron. The 
majority was thin and headless (For example see figure 
34) and had an average length of 0.9±0.3 µm, ranging 
from 0.4 up to 1.3 µm (n=10). One axonal filopodium 
near the soma with a length of 1.8 µm was also observed 
(Figure  33,  black arrowhead).  In  addition,  one 
mushroom spine  with  a  neck length  of  0.5  µm and a 
head span of 1.2 µm was detected.
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Figure 34: Example of a spine-like 
protrusion  found  on  the  patched 
neuron. Scale bar: 0.1 µm
Results - Bouton geometry
4 Results - Bouton geometry
Thirteen input synapses were found on the patched neuron (Figure 33). Their structural 
composition is described in detail in this chapter. Some of these boutons possessed two 
active zones (AZs). The dendrites with which these second AZs made synaptic contacts 
were also reconstructed. Three additional boutons found on these dendrites were also 
analysed. Therefore, the bouton geometry of sixteen boutons in the immature brain is 
described in this chapter. 
4.1 Technical remarks
At the beginning of the detailed description of individual boutons 
a small image of figure 33 is shown to illustrate the location of the 
described boutons on the patched neuron (Figure 35). 
Throughout this thesis, postsynaptic targets were coloured in blue 
and presynaptic boutons in yellow. Synaptic vesicles were shown 
as green spheres and dense-core vesicles as violet spheres. Active 
zones were shaded in red and mitochondria in white. Boutons are 
often  displayed  transparently  to  allow  a  view  on  the  inside 
structures  like  the  vesicles  or 
mitochondria. 
The viewing angle on the reconstructions was often 
rotated to allow a clearer view of the location of the 
boutons  on  the  patched  neuron  and  of  the  vesicle 
distribution near the AZs.
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Figure  35:  Small 
image  of  figure  33 
which  was  used  to 
marked the position of 
the  boutons  (white 
box).
Figure  36:  Legend for  the following 3D- reconstructions.  The 
rotation  of  the  cube  illustrates  rotation  direction  of  the 
reconstructions. The main rotation plane from the first image to 
the next  is  indicated by the  red side. An additional  turn was 
illustrated  by  a  white square  on  the  red side.  (A)  Starting 
position which was displayed on the first image. The direction of 
the rotation from (A) into the other positions (B-D) was indicated 
by the grey arrows displayed on the left bottom edges of the 
cubes. Rotation from (A) to the left and the right are shown in 
(B), up and down in (C). Rotation from (A) around a horizontal 
axis by 180° is shown in (D).
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Cubes were used to illustrate  the direction of the rotation of the 3D-reconstructions 
(Figure 36). These were displayed on the 2D-images of the boutons (for example, see 
figure 37). However, these cubes can give only a rough orientation. Generally, first the 
bouton position on the patched neuron was displayed and underneath it the organisation 
of the vesicles around the AZ was shown. This means that the AZs were not visible in 
the first image, because they were located on the “back” of the bouton. Subsequently the 
AZ was turned to the front to present the vesicle distribution around the AZ.
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4.2 Input synapses on the apical dendrite
4.2.1 Dense-core vesicles in the two most proximally located boutons
Four boutons were identified on the apical dendrite of the L4 spiny 
neuron. The two most proximally located boutons (Figure 37) were 
detected at a distance of approximately 9 µm from the soma centre. 
Both boutons were located close to each other with an inter-bouton 
distance of about 1 µm. All other boutons on the patched neuron had 
higher inter-bouton distances. 
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Figure 37: (A) The two most proximally located boutons (transparent yellow) on the apical dendrite (blue) 
are shown. The bouton on the left is located proximally and the one on the right more distally. The arrows 
relate the position  of  the boutons to  the corresponding vesicle  pools  (B,  C).  Both boutons contained 
synaptic vesicles (green) and dense-core vesicles (violet). (B) Vesicle pool of the bouton shown in (A) on 
the left. (C) Vesicle pool of the bouton shown in (A) on the right. The putative AZ was marked in red. Scale 
bar (A): 0.5 µm; Scale bar white (B, C): 0.3 µm
Results - Bouton geometry
The most proximally located bouton had a surface area of 3 µm² and contained 105 
synaptic  vesicles while  the more distally located bouton contained 30 vesicles.  This 
bouton possessed a surface area of 2.1 µm². In both boutons the vesicles had a scattered 
distribution around the AZ. In mature synapses, postsynaptic densities (PSDs) appear as 
prominent dark bands in the electron micrographs (Figure 4). In contrast, the PSDs of 
immature synapses were found to be thin (e.g. Figure 44) and thus were completely 
covered by the biocytin-labelling. Hence, all reconstructed AZs on the patched neuron 
are  putative  contact  sites.  Their  locations  are  highly  likely  because  the  three-
dimensional  reconstructions  allowed  the  detection  of  the best  match  between  the 
boutons and the patched neuron. In addition, the existence of synaptic vesicles in close 
proximity to the labelled neuron was used to identify putative synaptic contacts. 
The distribution of the vesicle diameters of the two most proximally located boutons on 
the apical dendrite showed bell-shaped curves (Figure 38). Such a Gaussian distribution 
was found for all reconstructed boutons (n=16, histograms not shown). 
The two most proximally located boutons on the apical dendrite contained dense-core 
vesicles (DCVs). Their vesicle diameters ranged from 61.8 to 101.3 nm (n=5). DCVs 
are clearly distinguishable from synaptic vesicles by their larger size and the electron 
dense inner centre (Figure 39).
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Figure  38: Histograms of the vesicle diameters found in the most proximally and more distally located 
boutons which were displayed in figure 37. The distribution shows a bell-shaped curve (red line).  In the 
most proximally located bouton 105 synaptic vesicles and in the more distally located bouton 30 synaptic 
vesicles were found.
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The  three  DCVs  found  in  the  most 
proximally  located  bouton  were  larger 
(87.0 nm, 87.3 nm and 101.3 nm) than 
the two DCVs found in the more distally 
located bouton (61.8 nm and 63.2 nm). 
One DCV in the most proximally located 
bouton was found at  a  distance of 230 
nm from the AZ, whereas the other two 
were detected at a distance of about 530 
nm from the AZ. The DCVs found in the 
more  distally  located  bouton  were 
located about 250 nm from the AZ.
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Figure  39:  Electron  micrograph  of  the  most 
proximally  located  bouton  with  all  drawn  contours. 
The apical dendrite is shown in  blue, the bouton in 
yellow,  synaptic  vesicles  in  green and  two  dense-
core vesicles in violet. Scale bar: 0.25 µm
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4.2.2 A bouton enclosed by the dendritic 
membrane
A  bouton  found  more  distally  on  the  apical 
dendrite (Figure 40) was nearly enclosed by the 
membrane  of  the  patched  neuron  and  had  a 
surface area of 1.5 µm².
It  was  the  smallest  bouton  detected  on  the  L4 
spiny  neuron  and  contained  only  23  synaptic 
vesicles.  In  addition,  two  large  DCVs  were 
identified in this bouton. The smaller DCV had a 
diameter of 93 nm and the larger one a diameter 
of 129 nm. 
Altogether  seven  DCVs  were  detected  in  the 
boutons  on  the  apical  dendrite  of  the  patched 
neuron. 
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Figure  40:  (A)  CAR-reconstruction  of  a 
nearly  enclosed  bouton  (transparent 
yellow) on the apical dendrite (blue). This 
bouton was marked by a yellow circle  in 
figure  33. (B) The  vesicle  pool  of  the 
bouton  from  (A)  is  shown.  (C)  Cross 
section  through  the  bouton  from (A).  An 
axon  above  the  contoured  bouton 
contained  three  vesicles  in  a  row  (black 
arrowhead)  near  the membrane.  Vesicles 
were marked in green, DCVs in violet, the 
AZ in  red and the dendrite in  blue. Scale 
bars (A, B): 1 µm; Scale bar (C): 100 nm
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4.2.3 Distal bouton on the apical 
dendrite
The  most  distally 
identified  bouton  on 
the  apical  dendrite  of 
the patched neuron was 
located  near  a  spine-like  protrusion 
(Figure 41,  A). It had a surface area of 
2.1  µm²  and  two  AZs.  The  bouton 
contained 114 synaptic vesicles. Vesicle 
diameters  varied  from  26.5  nm  up  to 
57.5  nm with  a  mean  of  39.8±6.7 nm 
(n=114). 
Two  vesicle  pools  could  be 
distinguished in this  bouton; they were 
separated by a vesicle-free space (Figure 
41,  B).  The smaller  pool  contained 20 
vesicles and projected onto the patched 
neuron whereas 94 vesicles belonged to 
the  second  AZ which  contacted  a 
different, unlabelled dendrite (Figure 41, 
C). Dendrites which were contacted by a 
second  AZ  of  a  bouton  found  on  the 
patched neuron were termed secondary 
dendrites. Vesicle pools belonging to the 
AZs which projected on these secondary 
dendrites  were  also  analysed.  These 
pools  could  be  used  to  compare 
structural parameters of the synapses on 
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Figure 41: Surface view on the most distally located 
bouton  on  the  apical  dendrite.  (A)  Location  of  the 
bouton  near  a  spine-like  protrusion  (black 
arrowhead).  (B) This bouton contained two AZs with 
two vesicle pools which were separated by a vesicle-
free space (white arrowhead).  (C)  The same bouton 
is shown contacting both the dendrite of the patched 
neuron and a dendrite of another, unlabelled neuron 
(secondary  dendrite).  Colours  used  for  the  three 
images:  bouton  in  transparent  yellow,  patched 
neuron in  blue,  vesicles in  green,  mitochondrion in 
white,  AZs  in  red,  secondary  dendrite  from  an 
unlabelled neuron in bright blue. Scale bars (A, B): 1 
µm; Scale bar (C): 5 µm
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the patched neuron with synapses at a similar stage of the neocortical development and 
at the same location within the barrel. 
Four  electron-dense  membrane  specialisations  were  detected  between  the  secondary 
dendrite  shown in figure 41, C  and another unlabelled dendrite (Figure 42).  Maybe 
these  four  contacts  are  gap  junctions,  because  neurons  in  the  immature  brain  are 
electrically coupled via  gap junctions  (Lo Turco and Kriegstein,  1991;  Yuste  et  al., 
1992; Peinado et al., 1993; Rorig and Sutor, 1996; Nadarajah et al., 1997). 
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Figure 42: Four electron-dense membrane specialisations (black) were found on the secondary dendrite of 
the bouton which was detected most distally on the apical dendrite of the patched neuron (Figure 41, C) 
Left: Surface view on the three-dimensional reconstruction of this secondary dendrite (bright blue) and 
another unlabelled dendrite (transparent violet) showing the four electron-dense contact sites (red circles). 
Right: Electron micrograph displaying two of the four detected electron-dense contact sites (red circles) 
located at the top in the left image. Contacts numbered 1 and 2 are identical in both images. Both scale 
bars: 0.5 µm
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4.3 Geometry of the boutons on the left dendrite
4.3.1 Two most proximally located boutons
Two boutons were detected on the left dendrite in a distance of 6.5 
µm and 9.4 µm from the soma centre (Figure 43). The more distally 
located  bouton  had  a  surface  area  of  2.0  µm²,  whereas  the 
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Figure  43:  (A) Reconstruction of  two boutons on the left  dendrite.  The bouton on the  right is  located 
proximally and the one on the left distally. The arrows relate position of the boutons to the corresponding 
vesicle pools shown in (B) and (C). (B) Vesicles pool of bouton shown on the left in (A). (C) Vesicle pool of 
the bouton shown on the right in (A). This bouton had two AZs and contained a mitochondrion. Same 
colours  were  used  for  all  images:  patched  neuron  in  blue,  boutons  in  yellow,  vesicles  in  green, 
mitochondrion in white, AZs in red. Scale bar (A): 0.75 µm; Scale bar white (B, C): 0.2 µm
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proximally  located  bouton  exhibited  a  surface  area  of  3.1  µm².  Two  spine-like 
protrusions were detected beneath the proximally located bouton.  The more distally 
located  bouton  contained  47  synaptic  vesicles  while  the  proximally  located  bouton 
contained 232 vesicles and one mitochondrion. 
Two AZs were found on the proximally located bouton, but a clear separation of  the 
vesicles  into  two  distinct  pools  was  not  possible.  However,  the  primary  and  the 
secondary dendrite contacting this bouton ran parallel to one another (Figure 44, bottom 
panel).
Active zones and postsynaptic densities 
contain  electron-dense  material  and 
consequently are visible on the electron 
micrographs as dark bands. The AZ and 
the PSD between the proximally located 
bouton  and  its  secondary  dendrite 
showed only a thin dark band (Figure 44, 
upper  panel,  for  comparison see  figure 
4). 
In mature neuronal tissue, differences in 
the  thickness  of  the  AZ  and  the  PSD, 
their  symmetry  or  asymmetry,  can  be 
used  to  distinguish  inhibitory  and 
excitatory  synapses.  This  classification 
was  not  performed,  because  the  PSDs 
found  in  this  study  were  too  thin  to 
distinguish  symmetric  and  asymmetric 
synapses. 
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Figure 44: Top: Cross section through the  proximally 
located bouton on the left dendrite (yellow) with (left) 
and without (right) contours showing the AZ (red) on 
the  presynaptic  site  and  the  PSD  (red)  to  the 
secondary  dendrite  (bright blue).  Vesicles  were 
marked  in  green.  One  docked  vesicle  was  found 
(white  arrow). Bottom:  Figure  43,  A  showing 
additionally  the secondary dendrite  (bright blue)  of 
the proximally  located bouton. Scale bar  top:  0.25 
µm; Scale bar bottom: 0.5 µm
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4.3.2 Synaptic contact on a 
mushroom spine
On the left dendrite of the patched neuron a synapse 
on a mushroom spine was detected (Figure 45 and 
46). The spine-neck was 0.5 µm long and the spine-
head spanned 1.2 µm. This bouton on the mushroom 
spine was the only one on the patched neuron which 
was located on a spine. 
However, the  bouton had a surface area of 7.5 µm² 
and was the second largest bouton identified on the 
patched neuron. It contained 343 vesicles which was 
the largest value found per AZ in this study. Only one 
other  bouton,  located  on  the  soma  of  the  patched 
neuron, had a comparable pool size. The diameters of 
the vesicles ranged from 19.6 up to 73.1 nm with a 
mean value of 44.7±8.7 nm (n=343). 
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Figure  45:  (A)  View  on a  synaptic 
contact located on a mushroom spine. 
(B) Magnification  of  the  image  from 
the  top panel.  (C) Vesicle pool of the 
same  bouton.  Same  colours  were 
used  for  all  three  images:  patched 
neuron  in  blue,  bouton  in  yellow, 
mitochondria  in  white, AZ  in  red. 
Scale bar (A): 1 µm; Scale bar (B): 0.2 
µm; Scale bar (C): 0.3 µm
Figure  46:  Cross 
section  through  the 
synaptic contact shown 
in  figure  45,  B.  The 
biocytin-labelled 
neuron is  contoured in 
blue,  the  bouton  in 
yellow,  vesicles  in 
green and  the 
mitochondrion in  white. 
Scale bar: 1 µm
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4.3.3 Largest bouton on the patched neuron
The largest bouton on the patched L4 spiny neuron (Figure 47) was 
located on the left dendrite and had a surface area of 13.0 µm². 
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Figure 47: (A) Reconstruction of the largest bouton found on the apical dendrite of 
the patched L4 neuron which had two AZs and two distinguishable vesicle pools. The 
bouton  contained  three  large  mitochondria.  A group  of  13  vesicles  which  were 
located at a distance ≥2 µm from both AZs is marked with a black circle. The arrows 
indicate the relation between the position of the vesicle pools on the dendrite and the 
images (B) and (C).  (B) Vesicles pool  which belongs to the AZ projecting on the 
patched  neuron  (on  the  left in  A).  (C)  Vesicle  pool  belonging  to  the  AZ  on  a 
secondary dendrite which is located on the right in (A).The white arrowhead marks a 
group of 13 vesicles which was indicated in (A) by a black circle. Same colour code 
as in figure 45. Scale bar (A): 1 µm; Scale bar white (B, C): 0.5 µm
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Two AZs  with  two clearly  distinguishable  vesicle  pools  were  identified  within  this 
bouton. The vesicle pool belonging to the AZ which projected onto the patched neuron 
contained 136 vesicles. Within a distance of 1.6 µm from the second AZ 253 vesicles 
were found. Besides, 13 vesicles were detected which were located in a distance larger 
than 2 µm from this AZ (Figure 47, C and figure 48). It is possible that this group of 13 
vesicles accumulated at a new synaptic contact site. A slightly darker band was visible 
near the vesicles on the membrane but could not be clearly identified as PSD. 
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Figure  48:  Cross  section  through  the  largest  bouton  found  on  the  patched  L4  neuron  (for  the 
reconstruction see figure 47). On the left this bouton is displayed with contours and on the right without 
contours. A separated group of 13 vesicles was found within this bouton (see figure 47). In close proximity 
to these vesicles electron-dense material was found which could be a putative new contact site. The 
bouton was marked in  yellow, vesicles in  green, the putative AZ in  red and the mitochondrion in  white. 
Scale bar: 0.5 µm
Figure  49: Cross section through the secondary AZ of the largest bouton found on the patched neuron 
(reconstruction was presented in figure 47). This synaptic contact is shown on the left with contours and on 
the  right without contours. On the presynaptic side a multivesicular body (asterisk) was detected. The 
bouton was contoured in yellow, the vesicles in green, the AZ and PSD in red, the secondary dendrite in 
bright blue, the mitochondrion in white and a further dendrite in violet. Scale bar: 0.3 µm
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However, PSDs in the immature rat are very thin (Figure 44) and hence it could be that 
a new contact site will establish at this location. 
Generally, several multivesicular bodies were observed on the electron micrographs and 
also one was found near the second AZ of the largest bouton detected on the patched 
neuron (Figure 49). 
The second AZ of the largest bouton projected onto another, unlabelled dendrite (Figure 
49 and 50). Two additional boutons were identified on this secondary dendrite. One of 
these two boutons possessed three AZs (Figure 50). One of these three AZs was located 
on  the  secondary  dendrite,  whereas  the  other  two  projected  to  a  third,  unlabelled 
dendrite. 
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Figure 50: (A) Reconstruction of the largest bouton (transparent yellow) found on the patched neuron (for 
details see figure 47 and 49). This bouton possessed a second AZ to a secondary dendrite (bright blue). 
Two additional boutons (orange) were identified on this secondary dendrite and their pools are displayed 
in (B) and (C). The arrows indicate the orientation of the boutons shown in (A) and their vesicle pools in 
(B) and (C). (B) Vesicle pool of the bouton shown on the left in (A) which possessed three AZs. Two of  
them projected to a third, unlabelled dendrite (violet). One mitochondrion (white) was also detected within 
this bouton. (C) Vesicle pool of the bouton shown on the right in (A). Vesicles are marked in green. Scale 
bar (A): 1 µm; Scale bar white (B, C): 0.3 µm
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These two AZs were not located far from each other, but were clearly separated. 
The bouton with the  three  AZs contained 114 synaptic  vesicles,  but  clearly distinct 
vesicle pools could not be distinguished. This bouton possessed a surface area of 4.2 
µm² and belonged therefore to the medium sized boutons. The second identified bouton 
on the secondary dendrite had a surface area of 2.3 µm² and contained 54 vesicles. 
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Figure  51: Cross section through the bouton (orange) on the secondary dendrite which was shown in 
figure 50 (A) and (B). On the left the electron micrograph is shown with contours and on the right without 
contours. In this section two synaptic contact sites (red) were found which were located opposite to each 
other. One of them projected onto the secondary dendrite (bright blue) and the other two to a third dendrite 
(violet). Vesicles were marked in green and the mitochondrion in white. Scale bar: 0.3 µm
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4.4 Input synapses on the right dendrite
4.4.1 Proximal bouton
A bouton near  a  spine-like  protrusion was identified  close  to  the 
origin of the right dendrite (Figure 52, B). This bouton had a surface 
area  of  4.1  µm²  and  exhibited  two  AZs.  Besides,  the  bouton 
contained 59 vesicles and one DCV. 
However, the bouton contacted a secondary dendrite which in turn 
was contacted by another bouton that had two AZs (Figure 52, C). In the latter bouton 
two distinct pools were separated morphologically by a thinning of the bouton (Figure 
52,  C). For the AZ facing the secondary dendrite 260 vesicles were found, while 209 
vesicles were identified near the AZ facing the third dendrite (violet in figure 52).
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Figure 52: (A) Three-dimensional reconstruction of a bouton (transparent yellow) on the patched neuron 
(blue) which possessed a second AZ to a secondary dendrite (bright blue).  On this dendrite a bouton 
(transparent orange)  with two AZs was identified. These two AZs projected onto a third dendrite (violet). 
Vesicles  were  contoured  in  green and  the  DCV is  shown  as  violet sphere.  The  arrows indicate  the 
orientation of the boutons shown in (A) and their magnification in (B) and (C). (B) View on the bouton 
which was located on the patched neuron. (C) View on the bouton which was found on the secondary  
dendrite. The AZs were marked red. Scale bar (A): 0.5 µm; Scale bar (B, C): 0.25 µm
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4.4.2 Distal bouton
At a distance of about 10 µm from the soma centre a bouton was 
identified  on  the  right  dendrite  of  the  patched  neuron  which 
exhibited  a  surface  area  of  6.6  µm².  The  bouton  contained  131 
vesicles and one DCV (Figure 53). In addition, a mitochondrion was 
found, which was located in a distance of 514 nm from the AZ. 
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Figure 53: End terminal of an axon branch (yellow) containing synaptic vesicles (green), a mitochondrion 
(white)  and  a  DCV  (violet).  The  synaptic  contact  was  located  near  a  spine-like  protrusion  (white 
arrowhead). The left panel illustrates the bouton position on the patched neuron (blue) and the right panel 
the inner structure of that bouton. The AZ is marked in red. Scale bar left panel: 0.5 µm; Scale bar right  
panel: 0.2 µm
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4.5 Boutons in close proximity to the soma
At the origin of the axon a bouton was detected which had a surface 
area of 5.2 µm² (Figure 54, A). This bouton contained 112 synaptic 
vesicles and possessed two AZs but it was not possible to distinguish 
two separate vesicle pools. In addition, a DCV was detected within 
this bouton.
Another bouton was identified that contacted the soma membrane directly (Figure 54, 
B). The bouton contained only 22 vesicles, a mitochondrion and had a surface area of 
2.8 µm². 
At  the  origin  of  the  right  dendrite  of  the  patched  neuron  a  bouton containing  343 
vesicles was identified (Figure 54, C). This bouton had a surface area of 5.2 µm² and 
contained a mitochondrion. 
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Figure 54: Three-dimensional reconstruction of the three soma-near boutons. (A) This bouton was found 
near the origin of the axon (blue) and projected onto another dendrite (bright blue). Within this bouton, 112 
synaptic vesicles (green) and one DCV (violet) were identified. The AZ is marked in red. (B) Bouton which 
was found on the soma and which contained only 22 vesicles. (C) Bouton which was identified near the 
origin  of  the right  dendrite  of  the patched neuron. In  this  vesicle  pool  343 vesicles were found.  The 
boutons shown in (B, C) contained a mitochondrion. Scale bar (A): 0.4 µm; Scale bar (B, C): 0.4 µm
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4.6 Vesicle distribution
Based  on  the  three-dimensional  reconstructions  of  the  boutons,  the  distributions  of 
vesicles around the AZs were calculated. For the measurement of the minimal distance 
of each vesicle to the AZ, the three-dimensional reconstructions were imported into the 
software  AMIRA.  An  example  of  such  a  measurement  is  shown in  figure  55.  For 
clarification an AZ with a small number of synaptic vesicles was selected. Every black 
line shows the minimal  distance between a single vesicle  and the  AZ in  the  three-
dimensional reconstruction. 
The measured distances were sorted from the 
nearest  to  the  farthest  vesicle  and  used  to 
analyse  the  organisation  of  the  vesicles 
around the AZ. Synaptic vesicles are thought 
to  be  organised  in  three  main  pools:  the 
readily releasable pool (RRP), the recycling 
pool  and  the  reserve  pool  (for  review  see 
Rizzoli  & Betz 2005). Vesicles in the RRP 
are  docked  or  could  probably  release  their 
neurotransmitter-content fast. Vesicles within 
a  distance  of  60  nm  (~  two  vesicle 
diameters)  from  the  AZ  are  thought  to 
belong to the RRP. The time course of the 
vesicle exocytosis could not be analysed in this study and thus the pool was named 
releasable pool instead of the RRP. Vesicles which were located in a larger distance than 
200 nm (~ 5 vesicle diameters) from the AZ were classified as belonging to the reserve 
pool.  All  vesicles  found in a  perimeter  of  60 nm up to 200 nm from the AZ were 
classified as belonging to the intermediate pool. The recycling pool was not classified 
because only morphological  data and no functional data could be obtained with the 
methods used in this work. However, it  is likely that the intermediate pool contains 
many recycling vesicles (see Discussion). 
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Figure  55:  View on a single  AZ which shows 
how distance measurements with the software 
AMIRA were performed.  Black lines illustrating 
the  shortest  distance  between  single  vesicles 
(green) and the AZ (red). For reason of clarity a 
bouton with a small vesicle pool was chosen.
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The vesicles pools belonging to the AZs which projected onto the immature L4 spiny 
neuron  contained  between  20  and  343  vesicles  (n=13).  A relative  pool  size  was 
calculated to  allow a good comparison of  the vesicle  pools with each other.  All  13 
vesicle  pools  projecting  onto  the  patched  neuron  were  analysed  and  a  continuous 
distribution was found (Figure 56).  The normal  distribution hypothesis  was rejected 
after using the non-parametric Kolomogorov-Smirnov-test. 
For the calculation of the relative pool sizes the largest vesicle pool was defined as 
100% and all other vesicle pool sizes were calibrated accordingly. Two vesicle pools 
were found which contained 343 vesicles and thus these two were defined as being 
100%. The smallest pool contained only 20 vesicles and hence the relative pool size was 
calculated to be 6% of the largest pool size. Two types of graphs were used to present 
the vesicle distribution around the AZs which projected onto the immature L4 spiny 
neuron. Histograms were taken to present the vesicle distribution as absolute numbers, 
whereas pie diagrams were used to present the relative pool sizes (Figure 57). 
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Figure  56: Histogram showing the vesicle pool sizes found in the boutons projecting onto the patched 
neuron. The absolute number of pools containing a distinct number of vesicles is displayed. The mean 
vesicle number per AZ was 122.8 (n=13) and the pool sizes showed a continuous distribution.
Results - Bouton geometry
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Figure 57: Description of the scheme which was used to present the distribution of the vesicles around the 
AZ. Histogram: The shortest distance (left axis) of every synaptic vesicle (SV) to the AZ is displayed. The 
bottom axis shows the absolute number of vesicles (grey bars) which were found in a distinct distance to 
the AZ. Vesicle-AZ distances between 0-60 nm are marked yellow. Vesicles within this range belong to the 
releasable pool. Vesicle-AZ distances from 60 to 200 nm are marked green and represent the intermediate 
pool. The reserve pool is shown in grey, starting at a distance of 200 nm from the AZ and ending at 800 
nm. If vesicles were found at a larger distance, they were not displayed in the histogram but were also 
counted for the absolute vesicle number within the reserve pool. In the right upper edge the total number 
of vesicles found at the AZ is displayed. Below this number the relative size of the displayed vesicle pool 
compared to the largest pool found on the patched neuron is shown as pie diagram. In the example shown 
here, the total number of the vesicles within the pool matches the largest pool size and therefore the pie 
diagram is completely filled (100%). The total number of the vesicles found within the reserve pool (grey), 
the intermediate pool  (green)  and the releasable pool  (yellow)  was displayed at  the right  side of  the 
histogram in the corresponding area. These absolute vesicle numbers were used to calculate the relative 
sizes of the pools. Pie diagram: The calculated relative pool sizes are shown and the same colour code as 
in the histogram was used. Hence, 9 synaptic vesicles were found in a perimeter of 60 nm from the AZ and 
belong therefore by definition to the releasable pool (histogram), which is equivalent to 3% of all identified 
vesicles at this AZ (yellow). Thus, 34% of the vesicles were assigned to the intermediate pool (green, 117 
SV) and 63% to the reserve pool (grey, 217 SV).
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The histograms and pie diagrams illustrating the vesicle distribution were presented in 
the same order which was used to describe the bouton geometry. This signifies that the 
four boutons on the apical dendrite (Figure 58), the four boutons on the left dendrite 
(Figure 59), the two boutons on the right dendrite, and the three soma-near boutons 
(Figure 60) were shown. For all histograms the same scale was used to allow a good 
comparison of the individual boutons. The pie diagrams were arranged inside an arrow 
to illustrate the location of the boutons along the patched neuron and thus to show on 
which side the soma of the spiny neuron was located. This distal-proximal orientation 
was not shown for the three soma-near boutons.
However, releasable pools of the boutons found on the apical dendrite contained only a 
small  number  of  vesicles  (Figure  58).  In  the  second  bouton  on  the  apical  dendrite 
counting  from the  soma,  the  releasable  pool  was  even  empty.  Otherwise,  the  most 
distally located bouton on the apical dendrite contained only vesicles in close proximity 
to the AZ and had no reserve pool. 
One AZ projecting onto the immature L4 spiny neuron was found to contain 17 vesicles 
in the releasable pool (Figure 60). This was the largest releasable pool found on the 
patched neuron (n=13). The releasable pools of the boutons projecting onto the patched 
neuron  contained  on  average  4.9±5.8  synaptic  vesicles,  whereas  33.8±37.0  vesicles 
were found in the intermediate pools and 84.2±82.1 vesicles in the reserve pool (n=13). 
Therefore the fraction of vesicles in the releasable pool was 5.1±5.3%, that of vesicles 
in the intermediate pool was 30.3±21.1% and that of vesicles in the reserve pool was 
64.6±24.5% (n=13).
A weak correlation was found between the absolute vesicle number within a vesicle 
pool  and  the  vesicle  number  within  the  corresponding  releasable  pools  (Spearman 
r=0.5). However, a strong correlation was found between the absolute pool size and the 
number of vesicles within the reserve pool (Spearman r=0.9).
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Vesicle pools of the boutons detected on the apical dendrite
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Figure  58:  Distribution  of  synaptic  vesicles  inside  the  four  boutons  found  on  the  apical  dendrite 
(Reconstructions figure 37, 40 and 41). Histograms on the left show the absolute number of vesicles in the 
three pools whereas the corresponding pie diagrams on the right side present the relative sizes of these 
pools. The layout of the histogram and the corresponding pie diagram was described in detail in figure 57. 
Histograms and pie diagrams are displayed in the same order. The arrow around the pie diagrams shows 
the position of the described boutons along the apical dendrite in relation to the neuron soma. 
Results - Bouton geometry
Vesicle pools of the boutons detected on the left dendrite
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Figure  59:  Distribution  of  synaptic  vesicles  inside  the  four  boutons  found  on  the  left  dendrite 
(Reconstructions figure 43, 45 and 47). Same layout as in figure 58.
Results - Bouton geometry
Vesicle pools of the two boutons detected on the right dendrite and the 
three soma-near boutons
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Figure  60:  Upper  panel:  Distribution  of  synaptic  vesicles 
inside  the  two  boutons  found  on  the  right  dendrite 
(Reconstructions figure 52 and 53). Bottom panel: Distribution 
of  synaptic  vesicles  inside  the  three  soma-near  boutons 
showing no distal-proximal orientation (Reconstructions figure 
54). Same layout as in figure 58.
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4.6.1 Bouton sizes and vesicle organisation
The boutons on the patched L4 spiny neuron had a mean surface area of 4.5±3.2 µm² 
(n=13). Secondary boutons exhibited a mean surface area of 4.1±1.7 µm² (n=3). Seven 
of the 16 analysed boutons had surface areas smaller than ≤3 µm². 
The bouton characteristics are shown in detail in table 3. In this table the total number 
of vesicles within a bouton was presented while the vesicle distribution around single 
AZs is shown in table 4. 
76
Table  3:  Structural  characteristics  of  all  reconstructed  primary and secondary  boutons.  Boutons  were 
numbered in the same order as they were described in detail.  The figures showing the corresponding 
reconstructions are displayed in gaps. The absolute number of vesicles within a bouton is shown. This 
signifies that vesicle pools were grouped if a bouton contained more than one AZ. A detailed description of 
the vesicle distribution around single AZs is displayed in table 4. CV= coefficient of variance
Results - Bouton geometry
For the analysis of the density of the vesicles around the AZs it is of interest to know 
how many vesicles were located within a distinct distance from the AZ. Therefore, the 
vesicle  pools  were divided into  10 parts,  each containing 10% of  the vesicles.  The 
borders between these parts were evaluated and are displayed in figure 61. 
A high variability of the vesicle density near the AZ was observed. In some boutons the 
nearest 10% of the vesicles or even more resided within the releasable pool whereas in 
other  vesicle  pools  these  nearest  10% were distributed  over  the  releasable  and  the 
intermediate pool.
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Table 4: Characteristics of the synaptic vesicle pools found in the reconstructed primary and secondary 
boutons. The same order was used as in table 3. In addition, every identified AZ is displayed separately in 
the second column. If a bouton contained more than one AZ, but only one vesicle pool could be identified, 
the absolute number of vesicles within this bouton was used to calculate the size of the three vesicle pool  
subsets. *This bouton contained 232 SVs, but for some SVs the distances were measured to both AZs 
due to that they could not clearly grouped to one of the two AZs. CV= coefficient of variance
Results - Bouton geometry
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Figure  61: Distribution pattern of the synaptic vesicles around the AZs of all reconstructed primary and 
secondary boutons. The boutons (B) were named in the same order as it was used for table 4. Absolute 
vesicle numbers were used to calculate distinct fractions each with a size of 10%. Then it was analysed at 
what distances from the AZ these fractions were found. Every fraction is given in a different colour (see 
inset); e.g. the first 10% are given in red, the next 10% in black and so on. The borders which were used to 
classify the releasable pool, the intermediate pool and the reserve pool were marked in red on the left axis.
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4.6.2 Active zones, mitochondria and dense-core vesicles
All performed reconstructions are shown in figure 62 to illustrate the distribution of 
structural  parameters  within  the  boutons.  Triangles  were  used  to  symbolise  distinct 
features and were shown near the boutons which possessed the chosen characteristic. 
For instance, violet triangles were used to mark boutons containing DCVs. Dense-core 
vesicles were found in boutons on the apical dendrite, the right dendrite and on the axon 
of the patched neuron. Altogether, ten DCVs were detected within these boutons and 
had a mean vesicle diameter of 89.6±22.1 nm. 
79
Figure 62: Overview of all performed reconstructions showing the patched neuron (dark blue) with all input 
synapses (yellow), secondary boutons (orange) and secondary dendrites (bright blue) as well as tertiary 
dendrites (violet). This figure is an extension of figure 33.  Triangles close to the boutons were used to 
indicate certain structural features of these boutons. Red triangles label boutons with more than one AZs, 
white  triangles those  containing  mitochondria  and  violet  triangles mark  boutons  containing  DCVs. 
Additionally, the positions of the largest and the smallest bouton are shown. The smallest bouton is poorly 
visible and so its position was highlighted using a yellow circle. Two boutons were labelled as boutons 
containing the largest vesicle pool due to the fact that they contained the same amount of vesicles. One of 
these boutons is located on a mushroom spine and the other one at the origin of the right dendrite. Scale 
bar: 10 µm
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Seven  of  the  16  boutons  possessed  more  than  one  AZ  and  one  of  these  boutons 
exhibited even three AZs (Figure 50). Four boutons with two AZs contained also one or 
more mitochondria. Four other boutons were identified which contained mitochondria. 
4.7 Additional findings
All electron micrographs were examined 
for biocytin-labelling. During this search 
process  it  was  also  looked  for  special 
attributes  of  the  developing  barrel 
cortex. 
An AZ with seven docked vesicles was 
detected  (Figure  63).  Vesicles  were 
referred  to  as  being  docked  if  no 
cytoplasmic space is visible between the 
vesicle membrane and the AZ. The thin 
PSD suggested that the synaptic contact 
was immature.  Therefore seven docked 
vesicles  were  a  rather  high  number, 
particularly compared to the low number of surrounding vesicles and also compared to 
the number of vesicles found in the releasable pools of the input synapses on the L4 
spiny neuron. 
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Figure  63: Electron micrograph of  an immature AZ 
with a seven docked vesicles (green-red asterisks). 
Only a thin PSD is recognisable. Scale bar: 250 nm
Results - Bouton geometry
During the electron microscopic examinations a somatic spine was detected (Figure 64). 
This spine-head was contacted by a presynaptic bouton. A high density of clear vesicles 
was found on the presynaptic site near the AZ (Figure 64, right panel). On the somatic 
site, opposite to the AZ a thin PSD was recognisable.
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Figure  64: Electron micrographs displaying a somatic spine.  Left panel: The somatic spine is shown in 
dark blue.  On the spine-head  a presynapse (yellow) was found. The neuron soma is shown only partly 
(bright blue).  Right panel: Magnification of the somatic spine shown on the  left panel: Synaptic vesicles 
and a PSD were recognisable. Scale bar left panel: 0.5 µm; right panel: 200 µm
Discussion
5 Discussion
The study presented here is focused on layer 4 spiny neurons of the rat barrel cortex. 
These excitatory neurons are the first modulators of sensory signals from the whiskers. 
Thus,  layer  4  of  the  barrel  cortex  is  the  starting  point  of  the  intracortical  signal 
processing. In this work, L4 spiny neurons of early postnatal and juvenile rats were 
characterised electrophysiologically and morphologically. However, the novelty of this 
study is that this data was combined with three-dimensional volumetric reconstructions 
of the input synapses on these L4 spiny neurons to analyse their structural composition. 
5.1 Efficacy of the synaptic transmission
The functional properties of neuronal networks depend on the successful transmission 
of  the  signals  from one neuron to  another.  This  includes  three  substantial  steps:  1) 
Induction  of  transmitter  release  at  the  presynaptic  terminal  by  an  arriving  action 
potential  (AP),  2)  transmitter  binding  to  postsynaptic  receptors  with  initiation  of 
postsynaptic potentials (PSPs), and 3) summation of the PSPs to evoke postsynaptic 
action potentials. Every step influences the signal propagation and thus the function of 
the neuronal network. 
For the analysis of the synaptic transmission between two coupled neurons PSPs were 
evoked and characterised using the coefficient of variance (CV) and the paired pulsed 
ratio  (PPR).  The CV indicates  the variability of the amplitudes of the evoked PSPs 
whereas the PPR is  the ratio  between the second and the first  PSP amplitude.  This 
signifies that excitatory synapses with PPRs <1 are depressing and with PPRs >1 are 
facilitating. 
It was demonstrated that synaptic connections between L4 spiny neurons in the barrel 
cortex of juvenile rats showed a low EPSP amplitude variability (CV: ~0.3) and hence 
are  very  reliable  (Feldmeyer  et  al.,  1999;  Radnikow  et  al.,  2010).  These  L4-L4 
connections showed only a weak depression (PPR: 0.87±0.27) while in early postnatal 
rats  (P4-P6)  L4-L4  connections  showed  a  higher  EPSP amplitude  variability  (CV: 
0.55±0.29) and a strong depression (PPR: 0.46±0.15 (Radnikow et al., 2010). 
However,  the  developmental  change  from a  strong  to  a  weak  depression  could  be 
caused by structural changes on the presynaptic site as well as on the postsynaptic one. 
On  the  postsynaptic  site  the  number  and  the  composition  of  the  neurotransmitter-
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binding receptors are crucial factors for the successful transmission (Zucker and Regehr, 
2002) while on the presynaptic site the synaptic transmission depends strongly on the 
number of vesicles which can release their transmitter content in response to an arriving 
AP (Dobrunz, 2002). A depression can be caused by vesicle depletion and -to a minor 
degree- by postsynaptic receptor desensitisation (Elmqvist and Quastel, 1965; Thomson, 
2000;  Zucker  and Regehr,  2002;  Schneggenburger  et  al.,  2002;  Smith et  al.,  2008). 
However,  the  efficacy of  the  synaptic  transmission  strongly depends  on  the  release 
probability  which  in  turn  strongly  depends  on  the  size  of  the  releasable  pool 
(Rosenmund and Stevens, 1996; Murthy et al.,  2001; Dobrunz, 2002; Sudhof, 2004; 
Branco and Staras, 2009). Depressing synapses often have a high release probability 
which may result in vesicle pool depletion, especially when the number of vesicles is 
low  (Tsodyks  and  Markram,  1997;  Dobrunz  and  Stevens,  1997;  Thomson,  2003). 
Accordingly, it is important to know the size of the releasable pool to estimate if the 
depression is  caused by vesicle pool depletion (Rosenmund and Stevens,  1996; Xu-
Friedman et al., 2001).
In  theory  all  vesicles  near  the  active  zone  (AZ)  can  release  their  neurotransmitter 
content fast and these vesicles were classified as belonging to the readily releasable pool 
(RRP) (Schweizer  et  al.,  1995;  Rosenmund and Stevens,  1996;  Saviane  and Silver, 
2006; Hoopmann et al., 2010). Morphological correlates of the RRP are docked vesicles 
(Rosenmund and Stevens,  1996; Schikorski and Stevens, 2001; Murthy et al.,  2001; 
Satzler et  al.,  2002; but for a different view see Xu-Friedman et.  al,  2001). Docked 
vesicles are all vesicles which are in physical contact with the AZ. However, synaptic 
vesicles have to be primed before they are fusion-ready and thus could release their 
neurotransmitter-content  (Sudhof,  1995;  Rettig  and  Neher,  2002).  The  amount  of 
docked unprimed vesicles was shown to be larger than the amount of docked primed 
vesicles (Rettig and Neher, 2002). 
Unfortunately, it was not possible to distinguish between primed and unprimed vesicles 
with the methods used here. In addition, due to the fact that the PSDs and AZs in the 
immature brain were thin and because of the biocytin-labelling, the number of docked 
vesicles and the exact size of the AZs could not be estimated. In general all vesicles in 
close proximity to the AZ should be able to dock fast (Schweizer et al., 1995). Some 
studies used a distance of two vesicle diameters from the AZ to estimate the number of 
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vesicles  within  the  RRP  (Schikorski  and  Stevens,  2001;  Satzler  et  al.,  2002; 
Rollenhagen et al., 2007) while other studies used a distance of one vesicle diameter 
(Pozzo-Miller  et  al.,  1999;  Tyler  and  Pozzo-Miller,  2001;  Genoud  et  al.,  2004). 
However,  Schikorski  defined two vesicle  diameters as  70 nm whereas  Pozzo-Miller 
defined one vesicle diameter as 50 nm. Thus, the 60 nm used in this study to identify 
releasable  vesicles  are  consistent  with  other  performed  studies.  Although,  it  is  still 
debated  how  physiologically  defined  pools  are  related  to  morphological  pools 
(Schweizer and Ryan, 2006). The vesicle pool containing releasable vesicles was named 
releasable pool instead of the term RRP, because the time course of vesicle release could 
not be analysed with the methods used here. 
Only a low number of vesicles was found in the 13 releasable pools which faced the 
patched neuron. Two of these releasable pools contained no vesicle at all and four of 
them only one vesicle. One bouton containing 17 synaptic vesicles in the releasable pool 
was  also  found.  On  average  4.9±5.8  vesicles  were  found  in  the  releasable  pools 
projecting onto the patched neuron. The size of the releasable pool indicates the efficacy 
of synaptic transmission of a given contact because the transmitter release depends on 
the number of releasable vesicles (Rosenmund and Stevens, 1996; Murthy et al., 2001; 
Dobrunz, 2002; Sudhof, 2004; Bischofberger et al., 2006; Branco and Staras, 2009). A 
large releasable pool can ensure vesicle release also during sustained stimulation which 
enhances the possibility that enough transmitter binds to receptors on the postsynaptic 
site. In turn this facilitates a successful signal transmission by inducing PSPs.
About  ten docked vesicles were found in synaptic boutons of cultured hippocampal 
neurons and in cerebellar climbing and parallel fibres (Schikorski and Stevens, 2001; 
Xu-Friedman et al., 2001).  In the calyx of Held, ten vesicles in a perimeter of 50 nm 
from the AZ were found whereas only two vesicles were docked on an AZ (Satzler et 
al., 2002). This example shows that the estimated number of releasable vesicles strongly 
depends  on  the  definition  of  the  RRP  (docked  vesicles  vs.  distance-dependent 
measurements).  In  addition,  discrepancies  may  also  be  caused  by  using  different 
methods for the measurements of the distance between single vesicles and the AZ. For 
example,  some  measurements  were  performed  using  three-dimensional  models 
(Schikorski and Stevens, 2001; Xu-Friedman et al., 2001) while others measured two-
dimensional distances on electron micrographs (Satzler et al., 2002). Consequently, a 
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comparison of vesicle pools sizes found in different studies is not perfectly possible but 
could give a hint of the dimensions of the pool sizes.  For instance,  the RRP in the 
hippocampal mossy fibre bouton contained 36.7 vesicles per AZ, whereas 2-5 docked 
vesicles  were  found  projecting  onto  L5  pyramidal  neurons  in  the  barrel  cortex 
(Rollenhagen and Lubke, 2006; Rollenhagen et al., 2007). 
About five releasable vesicles per AZ were found in the early postnatal rat. In excitatory 
synapses in the layer 4 of the adult mouse barrel cortex two docked vesicles per AZ 
were detected (Genoud et al., 2004). However these measurements were performed in 
the two-dimensional space and not in the three-dimensional space as it was done here. 
The findings by Genoud and coworkers would imply that there is no developmental 
difference  in  the  number  of  releasable  vesicles  or  even  a  reduction.  Maturational 
differences in the efficacy may then be caused by a lower number of primed vesicles in 
the immature brain compared to those in the mature brain (Dobrunz, 2002). In the calyx 
of Held only two docked vesicles were found but ten vesicles within a perimeter of 50 
nm (Satzler et al., 2002). Consequently, the two docked vesicles found by Genoud could 
also be equivalent to ten vesicles in the releasable pool.  Thus, further investigations 
using the same parameters for the analysis of the pool size for mature L4 spiny neurons 
are required to resolve this question.
An age-dependent reduction of the total number of releasable vesicles was found for 
large hippocampal mossy fibre boutons (Rollenhagen et al., 2007). The total RRP size 
decreased from ~1200 vesicles in a P28 rat to ~600 vesicles in an adult rat. The number 
of AZs decreased from ~30 to ~18 and hence the number of vesicles per AZ increased 
from ~36 vesicles (P28) to ~41 vesicles (adult) which resulted in a significant change in 
the vesicle distribution (Kolmogorov-Smirnov test, p≤0.05)  (Rollenhagen et al., 2007). 
Therefore, vesicles are less clustered around the AZ in the juvenile rat than in the adult 
rat. In accordance with this a very scattered distribution of the vesicles around the AZs 
was also found here. This finding made the identification of the vesicles belonging to a 
certain AZ in a bouton very difficult. 
However,  Mozhayeva  suggested  three  developmental  states  of  the  vesicle  pool 
maturation in hippocampal synapses (Mozhayeva et al., 2002). The first state lacks an 
RRP, but has a pool of recycling vesicles. In the second state recycling vesicles become 
functionally docked and form an RRP. A reserve pool is formed in the third stage. The 
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development from the first to the third stage is transient and could not be distinguished 
with the methods used here.  Accordingly,  a classification into different  maturational 
stages was not performed. However, vesicles pools containing only a low number of 
vesicles are probably more immature than those containing a large number of vesicles. 
In addition, AZs with the largest reserve pools should exhibit the highest maturational 
state  of the examined vesicle  pools (Mozhayeva et  al.,  2002).  Thus,  the  size of the 
reserve pool may serve as an indicator for the degree of maturity. The presented work 
shows a strong correlation between the absolute pools size and the size of the reserve 
pools (Spearman, r=0.9) which could corroborate the hypothesis of Mozhayeva.
The two AZs with the largest vesicle pools also had the largest reserve pools.  Both 
vesicle pools contained 343 synaptic vesicles. One of them was located on a mushroom 
spine and contained 217 vesicles in the reserve pool while the other synapse was located 
near the soma and contained 267 vesicles within the reserve pool. These two boutons 
contained 9 and 11 vesicles within the releasable pool, respectively. This would be in 
good agreement with the ten vesicles found in the RRP of the more matured cultured 
hippocampal  neurons  and also with  the  8-10 vesicles  found in the  cerebellar  fibres 
(Schikorski and Stevens, 2001; Xu-Friedman et al., 2001). 
However,  the  percentage  of  the  vesicles  within  the three subsets  of  the two largest 
vesicle pools showed a mature-like distribution (Rizzoli and Betz, 2005). As well, the 
location of the synapse on a mushroom spine suggests a very mature and stable state 
(Bourne  and Harris,  2008).  The  total  number  of  vesicles  within  these  two matured 
vesicle pools will  probably increase further,  because in more mature boutons on L4 
spiny neurons in the barrel cortex about 600 vesicles were found (Klook et al., 2010). 
According to  that  the RRP is  usually 1-2% of  the total  pool  size,  the RRPs of  the 
matured L4 synapses would contain 6-12 vesicles (Rizzoli  and Betz,  2005).  This  is 
similar to the two most matured vesicle pools in this thesis.  However, the releasable 
pool may increase even more, because the majority of the 600 vesicles was found in a 
perimeter of 150 nm from the AZ (Klook et al., 2010). The two most matured synapses 
found in this study contained only about 100 vesicles within a perimeter of 200 nm from 
the AZ. Thus, a strong increase in the number of vesicles near the AZ may occur. This 
suggests that mature synapses of L4 spiny neurons have much larger releasable pools 
than  immature  synapses.  A larger  releasable  pool  may  be  one  reason  why  L4-L4 
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connections in the mature barrel cortex are more reliable than those in the immature one 
(Bischofberger et al., 2006; Feldmeyer and Radnikow, 2009; Radnikow et al., 2010). 
The total pool size may reach values of 1000 vesicles per AZs as it was demonstrated 
for the L5 pyramidal neurons in the barrel cortex (Rollenhagen and Lubke, 2006). 
In this work, the surface areas of the boutons and the number of releasable vesicles 
showed a high variability. Such a high variability also was found in layer 5 synapses and 
in the end bulbs of Held which contained between 1 up to 120 docked vesicles per AZ 
in matured rats (Nicol and Walmsley, 2002; Rollenhagen and Lubke, 2006). Thus, the 
high variability is maybe not a feature of the immature barrel cortex.
Mozhayeva described a gap between the releasable pool and the reserve pool but this 
gap  was  found neither  in  this  study nor  in  other  studies  (Mozhayeva et  al.,  2002). 
Vesicles between the releasable pool and the reserve pool were classified as belonging 
to  the  intermediate  pool  (60-200  nm).  Due  to  the  close  proximity  to  the  AZ,  the 
intermediate  pool  probably  contains  a  large  amount  of  recycling  vesicles.  A large 
number of recycling vesicles can ensure a fast  refill  of the releasable pool and also 
recovery from synaptic depression (Harata et al., 2001; Sara et al., 2002; Richards et al.,  
2003).
Mozhayeva suggested that synapses in the 
first  maturational  state  lack  an  RRP,  but 
contain  recycling  vesicles (Mozhayeva  et 
al., 2002). It would be of interest to identify 
these  recycling  vesicles  but  this  was  not 
possible with the methods used. 
However, two studies used serial ultra-thin 
sections  to  reconstruct  synapses  in  which 
recycling vesicles were marked (Schikorski 
and Stevens, 2001; Rizzoli and Betz, 2004). 
They showed that recycling vesicles did not 
form a clearly separate pool of vesicles but 
intermingle with other vesicles (Figure 65). 
Hence,  the  recycling  pool  cannot  be 
classified in purely morphological studies. 
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Figure  65: Reconstruction of a frog motor nerve 
terminal. The membrane is shown in yellow and 
the  active  zone  in  red.  Recycling  vesicles  are 
labelled  purple  and  all  other  vesicles  as  red 
circles. (modified from Rizzoli and Betz, 2004)
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The number of recycling vesicles increases during synapse maturation which may result 
in  an  increase  of  the  efficacy  of  synaptic  transmission,  because  a  larger  pool  of 
recycling vesicles facilitates a faster refilling of the releasable pool (Mohrmann et al., 
2003; Saviane and Silver, 2006). 
Altogether the number of releasable vesicles found in this work was low compared to 
more  mature  synapses  and other  brain  regions  (Schikorski  and  Stevens,  2001;  Xu-
Friedman et al., 2001; Satzler et al., 2002; Rollenhagen and Lubke, 2006; Klook et al.,  
2010). This suggests a fast run-down of the synapses in the immature brain and thus a 
rapid depletion of the releasable pool.  Vesicle  depletion could be one reason of the 
lower reliability of the immature L4-L4 connections compared to those in the mature rat 
(Thomson, 2000; Zucker and Regehr, 2002; Schneggenburger et al., 2002; Feldmeyer 
and Radnikow, 2009; Radnikow et al., 2010). After depletion the refill is slow because 
of the low number of vesicles in close proximity to the AZ.
However, the low number of releasable vesicles may be balanced by a high degree of 
EPSP summation in the immature brain. Immature neurons have a high input resistance 
and therefore a long membrane time constants which will result in long EPSP decay 
time constants (Frick et al., 2007; Oswald and Reyes, 2008; Feldmeyer and Radnikow, 
2009). Slow EPSPs have a higher probability to initiate APs because a summation of the 
EPSPs in the postsynaptic neuron is more likely. Hence, long membrane time constants 
could increase the reliability of the entire neuronal network (not of individual synapses) 
but prevent a high temporal fidelity (Oswald and Reyes, 2008). For immature L4-L4 
connections the EPSP summation is likely to be minimal because of the strong paired 
pulse depression which is probably caused by the low number of releasable vesicles 
(Oswald and Reyes, 2008; Radnikow et al., 2010). Thus, the synaptic transmission is 
only a very transient event that will not result in EPSP summation in the postsynaptic 
neuron. 
Due to  the  high input  resistance  of  the immature neurons less  current  is  needed to 
initiate  action potentials.  A decrease of  the input  resistance and the membrane time 
constant during the development results in a decrease in the neuron excitability in the 
mature  neurons  compared  to  the  immature  ones  (Oswald  and  Reyes,  2008). 
Accordingly,  higher  current  injections  are  needed  to  obtain  comparable  neuron 
responses in the mature spiny neurons and hence it could be that the mature neurons 
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which showed discontinuous firing had a  lower  excitability than  the other  analysed 
neurons of the same age.  A high input resistance may result from the low ion channel 
density which in turn could be a reason for the much broader APs in the immature rats 
and for the observed discontinuous firing. 
However, the low reliability of the immature network could also be caused by a low 
number of synaptic contacts.  The number of connections depends on the number of 
boutons and the number of AZs per bouton. Only 13 boutons were observed on the 
reconstructed spiny neuron in this study, but five of these boutons were detected which 
possessed two AZs. Maybe the bouton number was low because an early postnatal rat 
was analysed and hence the number of synaptic contacts will increase during further 
development (Blue and Parnavelas, 1983a, b; Micheva and Beaulieu, 1996).
5.2 Establishment of synaptic contacts
As known, neurons in the immature brain are electrically coupled via gap junctions (Lo 
Turco and Kriegstein, 1991; Yuste et al., 1992; Peinado et al., 1993; Rorig and Sutor, 
1996; Nadarajah et al., 1997). On the 100 serial sections of the patched L4 spiny neuron 
no  gap  junctions  to  other  neurons  were  observed.  Gap  junctions  are  permeable  to 
biocytin (Vaney, 1991). Therefore, gap junctions would have been identifiable on the 
electron micrographs by biocytin-labelling which is detectable in the patched neuron 
and with a brighter labelling in a neighbouring neuron. This observation was not made 
but  the  extended  focal  image  of  the  patched  neuron  shows dye-coupling.  Thus  the 
analysed L4 spiny neuron possessed gap junctions but these were not located soma-near. 
As known, gap junctions are composed of two hemichannels from both partner cells 
which contact each other in the extracellular space (Bennett and Zukin, 2004). As a 
consequence, the gap between two coupled cells is filled with electron-dense material at 
the gap junctional contact site (Yuste et al., 1992; Nadarajah et al., 1997) (Figure 66, A). 
On  a  secondary  and  another  dendrite  four  parallel  electron-dense  membrane 
specialisations  were  detected,  but  no  electron-dense  material  was  found  in  the  gap 
between these contact sites (Figure 66, B). 
The  electron  micrograph  presenting  one  of  the  parallel  electron-dense  membrane 
specialisations  (Figure  66,  B)  is  shown in  a  lower resolution  than  the  gap junction 
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(Figure  66,  A),  but  nonetheless  it  is  recognisable  that  the  gap between the  parallel 
specialisations does not contain electron-dense material. 
At two of the four membrane specialisations the gap was not recognisable, probably 
because the cutting plane was not perpendicular to the gap. However electron-dense 
material was also not found in the gap of the third membrane specialisation. As known, 
the probability to find gap junctions in the immature brain is high but the absence of 
electron-dense material in the gap suggests that the four detected parallel electron-dense 
membrane specialisations  are  not  gap  junctions.  According  to  it,  the  electron-dense 
material at the membrane specialisation (Figure 66, B) is thicker than at the gap junction 
(Figure 66, A). Maybe the four membrane specialisations are puncta adherentia. Puncta 
adherentia were described for L4 neurons in the mature barrel cortex where they were 
found near the barrel border (Hinrichsen and Stevens, 1977). The four parallel electron-
dense membrane specialisations were also located near the barrel-border.
As known, the gap junctional coupled network is replaced by a network of chemical 
synapses during the first postnatal week (Micheva and Beaulieu, 1996; White et al.,  
1997). Nowadays it is still debated how chemical synapses were formed (McKinney, 
2010).  Two main models  exist,  the  “filopodial”  and the  Miller-Peters  model,  which 
describe how synapses may be formed on spine-heads (Miller and Peters, 1981; Ziv and 
Smith, 1996; Harris, 1999; Yuste and Bonhoeffer, 2004). 
Ten  spine-like  protrusions  were  observed,  which  were  thin,  headless  and  had  no 
synapses. Thus, some or perhaps all of the spine-like protrusions might be filopodia 
which would corroborate the “filopodial” model (For review see Yoshihara et al., 2009). 
On the other hand, the Miller-Peters model suggests that shaft synapses transform into 
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Figure  66:  Left:  Electron micrograph of  a gap junction (modified from Nadarajah et  al.,  1997).  Right: 
Magnification of the dendro-dendritic contact 2 from figure 42. Scale bar for both images: 50 nm
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spine synapses which would be supported by the fact that 12 of the 13 boutons found in 
this study were located on the dendritic shaft.
As  known,  excitatory  synapses  are  preferentially  located  on  spine-heads  while 
GABAergic synapses are preferentially located on the dendritic shaft (Harris and Kater, 
1994;  Somogyi  et  al.,  1998).  However,  excitatory boutons  were  found on dendritic 
shafts  in  immature  rats  on  CA1  neurons  and  on  L4  neurons  in  the  barrel  cortex 
(Kharazia and Weinberg, 1994; Fiala et al., 1998). Therefore, all shaft synapses found in 
this work may be excitatory and may transform into spine synapses (Fiala et al., 1998; 
Yuste and Bonhoeffer, 2004). Although it is perfectly possible that some of the detected 
shaft synapses will not transform into spine synapses, because excitatory shaft synapses 
were also found in barrels in matured rats (Lubke et al., 2000). 
One  of  the  identified  synapses  was  located  on  a  mushroom  spine.  Synapses  on 
mushroom spines seem to be stable,  but newly formed mushroom spines have been 
reported to be unstable (Kasai et al., 2003; De Roo et al., 2008). The mushroom spine 
observed in this thesis is at most four days old, because the layer 4 differentiates at P2 
and thus L4 neurons are about four days in their final cortical position at P6 (Rice and 
Van der Loos, 1977; Schlaggar and O'Leary, 1994; Miller, 1995; Inan and Crair, 2007). 
After the arrival in their final cortical position, the neuron starts to differentiate and 
hence the dendrites and axons start to grow. However, the search for a synaptic partner, 
the establishment and the maturation of the synaptic contact will take time. 
The synapse maturation includes an increase of the AZ area which correlates with an 
increase of the PSD area. Furthermore, the size of the PSD correlates with the size of 
the spine-head and also with the number of docked vesicles (Harris and Stevens, 1989; 
Nicol and Walmsley, 2002; Trachtenberg et al., 2002; Kasai et al., 2003; Holtmaat et al.,  
2006; De Roo et al.,  2008). As well,  the size of the AZ correlates linearly with the  
vesicle pool size (Rollenhagen et al., 2007). Consequently, the largest vesicles pools are 
likely to belong to the largest AZs. 
Altogether, the detected mushroom spine could be at most four days old, but according 
to the time consuming maturational steps the mushroom spine is probably not older than 
three days. However, the mushroom spine was located within a perimeter of 10 µm 
from the soma centre and thus projected onto the first grown parts of the dendrite.
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The  head  of  the  mushroom  spine  was  1.2  µm  wide.  Spines  were  classified  as 
“mushroom spines” if the spine-head is larger than 0.6 µm (Bourne and Harris, 2008). 
Spine-head widths larger than 1.1 µm were defined as large mushroom spines and as a 
consequence considered to be stable (De Roo et al., 2008). De Roo suggested that large 
mushroom spines are at least three days old, but he investigated spine maturation in 
hippocampal slice cultures and not in the barrel cortex. Large differences in the time 
course were found for the synapse formation depending on the chosen analysed animals 
or brain regions (Owald and Sigrist, 2009). If spines in the immature barrel cortex take 
the same time course as cultured hippocampal neurons, the mushroom spine would have 
established the synaptic contact shortly after the patched L4 spiny neuron arrived at its 
final position. In summary, taking also into account the large reserve pool, the synapse 
on the mushroom spine seems to be matured (Mozhayeva et al., 2002).
5.3 Dense-core vesicles
In this study ten dense-core vesicles (DCVs) were identified, the majority of which was 
found in boutons on the apical dendrite. DCVs also were found in other brain regions 
and also in more mature animals but their role is still unclear (Linke et al., 1994; Acsady 
et al., 1998; Ahmari et al., 2000; Hoffpauir et al., 2006; Rollenhagen et al., 2007; Xia et 
al., 2009; Rollenhagen and Lubke, 2010). In the hippocampus DCVs may play a role in 
learning and plasticity (Poo, 2001). DCVs were already described in synapses in the 
layer 4 of the barrel cortex in a six-days-old rat but no quantification was performed 
(Molliver and Kristt, 1975). Kharazia and Weinberg demonstrated that about 20% of the 
corticocortical terminals in layer 4 of the matured S1 cortex contained DCVs (Kharazia 
and Weinberg, 1994). 
However, DCVs have been proposed to act as active zone precursor vesicles which take 
part in the assembly of the AZ (Ahmari et al., 2000; Zhai et al., 2001; Ziv and Garner, 
2004). This special type of DCVs contains the cytoskeletal matrix proteins Piccolo and 
Bassoon and these DCVs were named piccolo/ bassoon transport vesicles (PTVs) (Zhai 
et al., 2001; Shapira et al., 2003). PTVs have a diameter of ~80 nm and two to three  
PTVs are needed to assemble one AZ (Shapira et al., 2003). 
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The DCVs found in this study had diameters from about 60 nm up the 120 nm with a 
mean size of about 95 nm. It may be that vesicles with smaller diameters than 80 nm are 
still PTVs because the vesicles were not always cut through the largest diameter during 
the slicing process. Vesicles with diameters larger than 80 nm may belong to another 
type of vesicles, to the so-called large dense-core vesicles (LDCVs). Growth factors like 
the  brain-derived  neurotrophic  growth  factor  (BDNF)  or  neuropeptides  like  the 
neuropeptide Y were found within LDCVs (Wu et al., 2004; Torrealba and Carrasco, 
2004;  Sorra  et  al.,  2006;  Xia  et  al.,  2009;  Gottmann  et  al.,  2009). Generally, 
neuropeptide Y expressing neurons are  GABAergic and GABAergic neuropeptide Y 
positive neurons were also identified in the barrel cortex (Hendry et al., 1984; Kubota et 
al., 1994; Karagiannis et al., 2009). 
BDNF may be very important during the development of neuronal networks. It seems to 
be able to stabilise synaptic contacts and also to modulate the synaptic strength (Kang 
and Schuman, 1995; Hu et al., 2005). In addition, BDNF stimulates the dendritic and 
axonal branching in the layer 4 of the ferret visual cortex (McAllister et al., 1995). 
In the barrel cortex BDNF may convert NMDAR-only silent synapses into non-silent 
synapses by inserting AMPARs into the PSDs (Itami et al., 2003). The conversion from 
silent  thalamocortical  synapses  to  functional  synapses  is  caused  by  long-term 
potentiation (LTP) stimulation paradigms (Isaac et al., 1997). BDNF can induce LTPs 
by increasing the intracellular calcium concentration at the postsynaptic site (Malenka 
and  Nicoll,  1999;  Lang  et  al.,  2007).  Accordingly,  if  the  detected  DCVs  contained 
BDNF the synapses with these DCVs could be thalamocortical.  However studies on 
cultured hippocampal neurons suggest fast kiss-and-run releases of neurotrophins from 
LDCVs which occur preferentially soma-near (Xia et al., 2009). As a consequence, the 
boutons containing DCVs would originate from local neurons. 
Mature L4 spiny neurons in the somatosensory cortex of the mouse receive about 15% 
of their input from the thalamus (Benshalom and White, 1986). It is not clear if this is  
also true for immature L4 neurons. It is likely that the percentage is higher, because the 
intracortical synaptic connectivity is low at this age (Radnikow et al., 2010). 
BDNF may enhance the synaptic transmission of the L4 spiny neurons by increasing the 
number of docked vesicles and by facilitating the vesicle release as it was observed in 
hippocampal excitatory synapses (Tyler and Pozzo-Miller, 2001, 2003). 
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BDNF seems to be important for the development of GABAergic interneurons in the 
barrel and the visual cortex (Itami et al., 2007; Kohara et al., 2007). 
Six out  of  13 input  synapses  contained DCVs. Four of these six boutons  contained 
DCVs which had diameters larger than 80 nm and are rather LDCVs than PTVs. The 
other two boutons contained DCVs with diameters of ~64 nm, but it is possible that 
these are also LDCV which were not cut at their largest diameter during the slicing 
procedure.  If  all  detected LDCVs would contain NPY or BDNF which promote the 
formation of GABAergic synapses then the number of  the detected inhibitory input 
synapses would be rather high. However, only boutons in close proximity to the soma 
were reconstructed. These very proximal regions are targets of GABAergic interneurons 
like basket cells (DeFelipe and Farinas, 1992; Thomson et al., 2002). In contrast, it has 
been demonstrated that inhibitory synapses formed by local interneurons are not only 
formed perisomatic in the barrel cortex (Staiger et al., 2009; Koelbl et al., 2010).
Unfortunately, an identification of the content of the DCVs was not possible with the 
methods  used  and  hence  their  role  in  the  reconstructed  synapses  could  not  be 
illuminated further. Thus, it would be of interest to study the content of the DCVs in the 
rat  barrel  cortex  to  understand  their  role  during  the  development  and  the  synaptic 
transmission. 
5.4 Conclusion and Outlook
In this work the structural composition of the synapses projecting onto immature L4 
spiny neurons was described in  detail.  In particular,  the quantitative analysis  of the 
vesicle  distribution  around the  AZs  may help  to  reveal  the  functional  properties  of 
synaptic transmission in immature networks. The data provided here could be useful for 
simulations  of  the  immature  neuronal  network  which  may  help  to  understand  the 
development  of  the  circuits  within  a  barrel-column  and  perhaps  also  the  synapse 
formation in other brain regions. 
In the immature brain the number of vesicles found near  the AZs was low. This is 
probably a major determinant of the lower reliability of the connections between the L4 
spiny neurons in the immature barrel cortex compared to the more mature barrel cortex. 
A high variability in the number of the vesicles near the AZs was found which suggests 
94
Discussion
differences in the maturational levels of the analysed synapses. The number of matured 
synapses was low. Hence, strong structural changes occur on the synaptic level at the 
end of the postnatal week. Thus, further investigations of the vesicle distribution in the 
synaptic contacts in other developmental ages and also from other layers are of interest. 
Additional quantitative data could help to understand the synapse formation and also the 
maturation of the vesicle pools. 
Ten DCVs were found in six boutons projecting onto the patched neuron.  With the 
methods used it was not possible to identify the content of the DCVs, but it is highly 
likely that they contained cytoskeletal matrix proteins and/ or neurotrophins. In both 
cases they would have played a crucial role in the maturation of the synapses.
However, the structural composition of the synapses in a six-day-old rat was analysed in 
this work. At this age rats have not begun to whisk actively. The sensory input from the 
periphery will fine-tune the network and as a consequence it would be of interest to 
study if  changes  occur  in  the organisation of  the vesicles when rats  start  whisking. 
Moreover, it would be important to know if synapses formed before the whisking starts 
are  stable,  e.g.  how many of  the thirteen  input  synapses  analysed  in  this  thesis  are 
transient.  Besides,  knowledge about the bouton density and how fast changes in the 
bouton density occur will help to understand the development of the neuronal circuitry.
Strong structural changes were observed in the neuron morphology, especially in the 
number of the axon collaterals in the supragranular layers. The axons of the L4 spiny 
neurons showed a tendency toward the supragranular layers during the development. 
Altogether,  a  high  degree  of  the  developmental  changes  occur  in  the  barrel  cortex 
during  the  first  postnatal  weeks  and  first  insights  in  the  structural  composition  of 
synapses  in  the  immature  brain  are  provided  in  this  study.  However,  further 
investigations  on  the  single  cell  level  and  the  ultrastructural  level  are  necessary  to 
understand the synapse formation in the brain.
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6 Abbreviations
ABC Avidin-biotinylated complex
AMPA (R) α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (receptor)
AP Action potential
AZ Active zone
BDNF Brain-derived neurotrophic growth factor
CAR Countouring-aligning reconstruction Software (by K. Sätzler)
CP Cortical plate
CV Coefficient of variance
DAB Diaminobenzidine
DCV Dense-core vesicle
EPSP Excitatory postsynaptic potential
GABA (R) γ-amino butyric acid (receptor)
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
IPSP Inhibitory postsynaptic potential
IR-DIC Infrared differential interference contrast
ISI Inter-spike-interval
IZ Intermediate zone
KCC2 K+-Cl- co-transporter 2
L(4) Layer (4)
LDCV Large dense-core vesicles
LTP Long-term potentiation
MZ Marginal zone
NMDA (R) N-Methyl-D-Aspartate (receptor)
NPY Neuropeptide Y
P(6) Postnatal day (6)
PB Phosphate buffer
POm Posterior medial nucleus
PPR Paired pulse ratio
PSD Postsynaptic density
PSP Postsynaptic potential
PTV Piccolo-Bassoon-Transport Vesicles
RRP Readily releasable pool
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SD Standard deviation
SP Subplate
SV Synaptic vesicle
VPM Ventral posterior medial nucleus
VZ Ventricular zone
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7 Summary
Precise processing of sensory signals is decisive for an adequate reaction to inputs from 
the environment. The barrel cortex is a very attractive model to study these processes 
because of its precise topographical relationship between the peripheral sensory receptor 
(the  whisker  on  the  snout)  and  the  neocortical  signal  processing  unit  (the  cortical 
column). Basic signal transformations were performed within such a cortical column. 
Hence, knowledge about the function and development of a single cortical column will 
help to better understand the processing of sensory signals in the whole barrel cortex. 
However,  layer  4  (L4)  of  rodent  barrel  cortex  is  the  main  “input”  layer  of  signals 
arriving from the sensory whiskers and thus the starting point of the cortical processing. 
Incoming signals are mainly processed by L4 spiny neurons. For the analysis of these 
L4 spiny neurons whole-cell recordings were performed. Action potentials elicited in 
the  immature  neurons  were  smaller  and  had longer  durations  than  those  in  mature 
neurons.  Moreover,  the age-dependent  decrease in input resistances,  membrane time 
constants and the resting membrane potentials suggests that mature L4 spiny neurons 
have a reduced excitability compared to immature ones. 
During  the  recordings  the  neurons  were  filled  with  biocytin  which  allowed a  clear 
identification of the patched neurons in the brain slices. Neurons were processed for 
electron microscopy and serial ultra-thin sections were cut to identify all input synapses 
on  the  L4  spiny  neurons.  Based  on  these  sections  three-dimensional  volumetric 
reconstructions  were  performed.  These  3D-models  were  used  to  investigate  the 
structural  parameters  for  the  synaptic  transmission,  such  as  the  distribution  of  the 
vesicles around the active zone. The number and distribution of synaptic vesicles near 
the active zone varied strongly indicating different maturational stages. However, on 
average only 5 synaptic vesicles were found within the releasable pool of the immature 
neurons. In addition, the number of vesicles in the intermediate pools and reserve pools 
was low.  Accordingly,  refilling of the releasable pool  is  probably slow in immature 
neurons. In summary, the small size of the vesicle pools suggests a fast run-down of 
these synapses and hence vesicle pool depletion which could cause synaptic depression. 
Thus, the organisation of the vesicles around the active zone assumes to be one reason 
why immature neuronal networks are not as reliable and effective than mature ones. 
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8 Zusammenfassung
Die präzise Verarbeitung sensorischer  Signale ist  von entscheidender  Bedeutung um 
angemessen  auf  Umweltreize  reagieren  zu  können.  Ein  sehr  beliebtes  Modell  zur 
Untersuchung der Verarbeitung sensorischer Signale ist der Barrel-Kortex in Nagern, da 
eine  eindeutige  somatotope  Beziehung  zwischen  der  Peripherie  und  dem 
dazugehörenden Hirnareal  nachgewiesen werden konnte.  Im Falle  des Barrel-Kortex 
bedeutet  dies,  dass  Signale  eines  Schnurrhaares  in  der  dazugehörenden  kortikalen 
Kolumne verarbeitet werden. Um ein besseres Verständnis über die Verarbeitung von 
sensorischen  Signalen  zu  erhalten  ist  es  wichtig  die  Entwicklung  und  die  Funktion 
einzelner Kolumnen zu verstehen. 
Die Lamina 4 (L4) des Barrel-Kortex fungiert als Eingangsschicht für die sensorischen 
Signale  und  gilt  damit  als  Startpunkt  der  kortikalen  Verarbeitung.  An  der 
Signalverarbeitung  sind  hauptsächlich  Neurone  mit  dendritischen  Dornfortsätzen 
(“spiny  neurons”)  beteiligt.  Um  die  Entwicklung  der  kolumnären  Netzwerke  zu 
verstehen, wurden “spiny” L4-Neurone und deren Eingangssynapsen in Ratten am Ende 
der ersten postnatalen Woche untersucht und deren Eigenschaften mit denen maturer 
“spiny” L4-Neurone verglichen. Diese Neuronen wurden mit Hilfe der „Patch-Clamp“- 
Technik elektrophysiologisch charakterisiert. Bei immaturen Neuronen wurden deutlich 
kleinere  und  längere  Aktionspotentiale  als  in  maturen  Neuronen  gefunden.  Die 
entwicklungsbedingte Abnahme des Eingangswiderstandes, der Membranzeitkonstante 
und  des  Ruhemembranpotentials  lässt  vermuten,  dass  immature  L4-Neurone  eine 
höhere Erregbarkeit als mature L4-Neurone aufweisen.
Während der “Patch-Clamp”- Messung wurden die Neurone mit dem Farbstoff Biocytin 
gefüllt.  Anhand  dieser  Färbung  war  eine  Identifikation  aller  Neuronensegmente 
innerhalb eines Schnittes möglich. Die gefärbten Neurone wurden für die Untersuchung 
im Elektronenmikroskop aufbereitet und Ultradünnschnitte in Serie angefertig. Anhand 
dieser Schnitte wurden die Eingangssynapsen der L4-Neurone rekonstruiert. Die daraus 
entstandenen  3D-Modelle  der  Eingangssynapsen  wurden  verwendet  um den  für  die 
synaptische  Transmission  wichtigen  Aufbau,  wie  zum  Beispiel  die  Verteilung  der 
Vesikel in der Nähe der Aktiven Zone, zu untersuchen. 
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Zusammenfassung
Die  Analyse  der  Anzahl  und Verteilung  der  synaptischen  Vesikel  pro  Aktiver  Zone 
zeigte eine hohe Varianz. Dies könnte ein Ausdruck für unterschiedliche Reifestadien 
der untersuchten Synapsen sein. In den sogenannten “releasable pools” wurden in den 
immaturen  Neuronen  im  Durchschnitt  nur  fünf  synaptische  Vesikel  gefunden.  Die 
Anzahl der Vesikel in den sogenannten „intermediate und reserve pools “ war ebenfalls 
gering. Daher ist anzunehmen, dass die “releasable pools” in den immaturen Neuronen 
nur langsam wieder aufgefüllt werden. Vermutlich ruft dies eine schnelle Verminderung 
der Transmitterausschüttung als Antwort auf andauernde eingehende Aktionspotentiale 
hervor, was zu einer Auslöschung des “releasable pools” führen kann. Eine Auslöschung 
wiederum kann eine Depression der Synapse auslösen. 
Insgesamt  kann  gesagt  werden,  dass  die  in  dieser  Studie  dargestellte  gefundene 
Verteilung und Organisation der synaptischen Vesikel in der Nähe der Aktiven Zone 
eine Erklärung geben kann warum immature neuronale Netzwerke unzuverlässiger sind 
als mature Netzwerke.
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